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The  work  performed  by  Science  App i  i c  a  t i on  >  ,  !nc. 
l  s.\i  on  this  contract,  "Geophysical  Plasmas  and  Atmcsphc  r  1  c 
Modeling,"  Contract  Number  X 0  001  4-  81  -C- 2P5B ,  SAI  Project 
Number  1-15  -15- '05-00,  encompasses  a  wide  range  o:  topics 
in  space  plasma  physics  and  atmospheric  modeling  in  support 
of  the  programs  of  the  Geophysical  and  Plasma  Dynamics 
Branch  of  the  Naval  Research  Laboratory  i.NRLi.  This  report 
cover  the  period  1  December  19S0  to  50  November  1981. 

In  this  section  we  will  summarize  the  various  subjects 
studied  and  the  results  obtained.  Details  will  be  included 
in  Appendices  which  will  document  reports  and  publications 
resulting  from  our  work. 

'‘Significant  results  were  obtained  in  the  following 

areas  which  will  be  discussed  in  succeeding  sub-sections 

below:  f A )  solar  wind-magnetospheric  interaction  using 

2D  and  5D  MHD  computer  simulations,  (B)  investigations  of 

the  lower  hybrid  drift  instability,  (C )  double  layer 

modeling,  (D  !  auroral  electron  acceleration,  (E )  ELF/YLF 

generation  in  the  ionosphere,  (F)  high  altitude  nuclear 

effects,  (Gj  evaluations  of  atmospheric  cooling  model, 

(IIJ  ozone  transport,  (Ij  limitations  on  stratospher ic 

dynamics,  (J)  general  circulation  model  studies,  and 

(K)  collective  particle  acceleration. 
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SOLAR  W  i  \P-  MAuNTiTOSPi  1LR  !  C  IN'!  FRACTION  LISINA,  21' 

A\I*  AH  Mill'  lA'MPi; !  LR  SIMULVIIONS 

burin”  thi'  contract  year  the  211  code  was  used  to 
further  questions  about  forced  reconnect i on  and  the 
of  variiu:s  forms  of  resistivity  on  the  behavior  of 
netotail.  Tiie  latter  problem  was  attacked  by 
ne  the  20  global  magnetosphere  code  to  eliminate 
ai  reconnection  in  the  tail.  This  was  accomplished 
rcing  a  symmetry  plane  at  :  =  0.  A  number  of  new 
were  found: 

1)  For  a  reasonable  model  for  the  lower  hybrid 

drift  resistivity  the  site  scale  for  the 

field  reversed  region  must  become  ^0.1  Rj. 

before  appreciable  reconnection  can  occur. 

? 

2)  When  a  resistivity  ~  .1"  was  used  everywhere 
in  the  tail  with  a  southward  IMF,  the  x-point 
that  formed  was  stable  during  the  course  of 
the  run.  This  contrasts  with  our  earlier 
work  in  which  the  x-point  underwent  relaxation 
osc i 1 lat i ons .  However,  the  position  of  x-point 
formation  is  the  same  in  both  cases.  The 
import  of  the  result  is  that  the  conditions  in 
the  solar  wind  may  have  even  more  of  a 
controlling  effect  on  substorms  than  we  had 


found  earlier. 


t'.her.  rec onnec t i on  was  forced  to  occur  in 
the  far  tail,  high  volocit.c  earthward  mat::';: 
were  found  in  tiic  plasma  sheet,  as  c-xpc-cted . 
Surprisingly,  however,  very  high  ta: luani 
velocities  were  found  just  on  the  boundary 
of  the  plasma  sheet.  These  tai Inarc  streams 
are  similar  to  what  is  observed  on  the  plasm 
sheet  boundary. 

The  other  problem  studied  was  that  of  forced 
reconnection.  Our  approach  was  to  vary  the  form  of  the 
resistivity  in  a  series  of  calculations  to  see  what  effect 
upon  the  final  result  the  form  might  have.  he  tried 
three  types  of  resistivity:  constant,  current  driven,  and 
lower  hybrid  drift.  The  results  can  be  summarised  as 
fol lows : 

1)  Quantitatively  the  results  are  quite  similar 
There  is  a  slow  shock  along  the  separatrix 
with  outflow  speeds  on  the  order  of  the 
initial  Alfven  speed. 

2)  .No  equilibrium  is  reached.  At  late  times 
the  system  slowly  evolves  through  a  sequence 
of  quasi-static  states.  In  all  cases  the 
inflow  boundary  is  discont inuous- further 
indicating  the  lack  of  an  equilibrium. 
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specific  resistivity  mechanism.  This  was  a  crucial 
assuinpt  ion- -now  supported- - in  our  earlier  21'  simulation 
of  a  geomagnetic  substorm. 

The  two  problems  described  above  were  reported  at 
respectively  the  meeting  of  the  American  Geophysical  Union 
iAGU.l,  May  1981  and  the  American  Physical  Society  iAFSi, 
Division  of  Plasma  Physics,  October  1981.  The  abstracts 
f ollow. 


,-\n  MHD  Simulation  Study  of  the  Factors 
Controlling  Substorms* .  J.G.  LYON ,  S.H.  BRHGfl  , 
Science  Applications,  Inc. ,  J.A.  TEDDER,  Nav  al 
Research  Laboartory--Our  previous  work  has  shown 
the  possibility  of  modelling  a  subs torm- like  event 
using  a  global  2D  MID  model  of  the  magnetosphere. 

In  this  paper,  we  discuss  the  behavior  of  these 
simulated  substorms  with  respect  to  variations  in 
the  incoming  solar  wind  parameters  and  in  the  inter¬ 
nal  magnetospheric  convection  rate,  he  find  little 
correlation  of  the  x-point  formation  or  behavior  with 
the  convection  rate.  The  solar  wind  magnetic  field 
does  correlate  with  x-point  position.  (The  stronger 
the  southwaid  IMF,  the  closer  the  x-point  tends  to 
form  to  the  earth.)  Short  temporal  scale  phenomena 
also  correlate  with  IMF  strength.  Finally,  our  MUD 
code  has  been  modified  to  prevent  almost  totally 
spurious  numerical  reconnection.  With  this  tool  we 
are  able  to  study  the  possible  roles  of  microinstabil¬ 
ities  and  nonlinear  tearing  in  substorm  initiation. 

*  Work  supported  by  NASA  and  ONR. 
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2D  MHP  Simulations  of  Forced  Reconnection 
Processes  with  Anomalous  Resistivity*.  d.(i.  LYON, 

S.Ii.  BRECHT,  T.F.  DRAKE,  Science  Applications,  Inc., 

J.D.  HU  BA,  Naval  Research~Laboratory- -The  stud)’  of 
forced  reconnection  processes  in  collisionless  plasmas 
is  of  current  interest  to  both  the  laboratory-  and  space 
plasma  communities.  One  of  the  key  issues  is  under¬ 
standing  anomalous  dissipation  mechanisms  and  how  they 
influence  the  macroscopic  evolution  of  the  plasma.  'Jo 
this  end  we  present  a  series  of  2D  !E1P  simulations  of 
forced  reconnection  processes  for  a  variety-  of  resis¬ 
tivity  models.  The  calculations  were  performed  with  a 
2D  single  fluid  MHP  code  employing  a  2bth  order  spatial, 
leapfrog  temporal  flux  corrected  transport  (FCT>  scheme. 
The  resistivity  models  considered  are  (li  no  resistivity 
'Tan  =  t)):  constant  resistivity  r-._n  =  -,0:;  (3j  cur¬ 

rent  driven  resistivity  (.nan  “  T-  l;  and  ( 4  i  resistivity 
baseJ  upon  the  non-local  mode  structure  of  the  lower 
hybrid-drift  instability  in  a  reversed  field  plasma 
(nan  (.B  =  U J  «  pan  (B  =-  Bqj  where  BQ  is  the  as>miptotic 
value  of  BJ .  he  compare  and  contrast  the  results  of 
these  resistivity  models,  and  our  results  with  previous 
simulations. 

*  This  work  was  supported  by  0.\R  and  NASA. 


During  this  contract  year  the  development  of  the 
3D  MHD  code  to  model  the  earth's  magnetosphere  has  reached 
the  point  that  actual  research  i nvest i gat i ons  into  the 
earth's  magnetosphere  have  begun.  Two  different  simula¬ 
tions  were  performed.  The  first  was  to  study  the  effect 
of  rotating  the  solar  wind  interplanetary  magnetic  field 
(IMF)  from  a  southerly  direction  to  that  of  a  south¬ 
easterly  direction  (,-2-.  south,  +3y  east].  The  results 
showed  a  general  change  in  the  topological  structure  of 

the  magnetotail.  The  added  B  in  the  IMF  induced  a  B  in 

)'  y 

the  magnetotail  and  caused  a  general  asymmetry  in  the  lobe 
structure  of  the  tail.  These  results  had  been  suggested 


from  experimental  work  but  had  never  been  shown  to  be  true 
analytically.  This  work  has  been  published  in  Geophys.  Res 
Lett,  entitled  "A  Simulation  Study  of  East-West  IMF  Effects 
the  Magnetosphere"  and  appears  in  this  report  as  Appendix  A 
The  second  study  performed  concerned  the  effects 
on  the  magnetosphere  produced  by  a  steady  scuthuara  :Mi 
: n  this  simulation  we  created  the  magnetosphere  and  then 
allowed  numerical  reconnection  to  ta.ke  place.  !ho  result 
was  a  series  of  magnetic  islands  being  termed  in  the  magnet 
tail  anu  being  convected  tailward.  In  this  simulation  we 
studied  the  temporal  behavior  of  the  magnetic  iield  and 
plasma  parameters.  These  results  were  compared  with 
magnetospher ic  observations  and  found  to  demonstrate  almost 
all  of  the  various  features  seen  in  the  magnetotail  during 
a  substorm.  The  interesting  result  was  that  virtually  all 
nr  the  characterizations  of  magnetotail  behavior  generally 
attributed  to  magnetic  substorms  were  seen  in  this  simula¬ 
tion.  The  cone  lus  ion  we  draw  from  this  is  that  differences 
of  opinion  as  to  magnetotail  behavior  may  be  attributed  to 
variations  in  locations  and  timing  rather  than  the  unique¬ 
ness  of  any  individual  substorm.  A  report  on  this  work 
has  been  submitted  to  J.  Geophys.  Res.  entitled  "A  iime- 
Dependent  Three-Dimensional  Simulation  01  the  Eartn's 
Magnetosphere:  Reconnection  Events."  It  lias  also  been 

published  as  \RL  Memorandum  Report  4t>Pb,  1981  and  appears 


in  this  report  as  Appendix  B.  This  work  w  a  s  presented  as 
an  invited  paper  in  December  lt'M’  of  the  Adi.,’  meeting.  '!  he 
a bst  ract  e the  p a p e  r  fc> !  1  ous  . 


.‘■Eli)  Simulations  of  Mageto^phcivs ,  S.ii.  BKhCi 1!  . 

■  J.  i.YMN,  Science  Applications,  inc.,  .1.  Hii»I>liK. 
k.  il-MN.  P..!.  PAL’lADLSSO,  Naval  Research  Laboratory-- 
Understanding  the  interaction  o:  tne  solar  wind  with 
planetary  magnetospheres  continues  to  he  one  of  the 
outstanding  problems  in  space  physics.  The  recent 
development  of  numerical  Mill*  simulations  of  magneto¬ 
spheres  is  now  becoming  an  important  tool  in  solving 
this  problem.  In  this  presentation  we  show  the  results 
of  numerical  simulations  for  the  interaction  of  the 
solar  wind  with  the  earth's  magnetosphere  in  both  1 
and  5  dimensional  models.  The  dynamic  equilibrium 
which  occurs  in  the  simulations  bears  a  strong  resem¬ 
blance  to  satellite  experimental  data  and  to  empirical 
magnetospheric  models.  These  results  will  be  presented 
and  discussed. 

We  will  also  show  substorm- like  magnetic  recon¬ 
nection  events  and  plasma  flows  in  the  numerical 
magnetospheric  model  which  result  from  changes  in  the 
solar  wind  parameters.  These  disturbances  in  the 
simulation  magnetotail  look  remarkably  like  a  particular 
existing  substorm  empirical  model.  Other  interesting 
features  of  the  simulations  will  also  be  presented  and 
discussed. 


Results  of  tiie  above  work  were  also  presented  at  the 
May,  1 9 S 1  Meeting  of  the  AG'J.  The  abstract  follows. 


Three  Dimensional  Calculations  of  Magnetospheric 
Structures* .  S.H.  BRECHT ,  d.G.  LYON ,  Science  Appl i cat i ons , 
Inc. ,  J.A.  FEDDER,  Naval  Research  Laboratory- -An  under¬ 
standing  of  the  general  structure  of  the  magnetosphere 
is  vitally  important  if  further  knowledge  is  to  be  gained 
about  processes  such  as  magnetospheric  substorms.  Using 
a  5  dimensional  time  dependent  .''Ell)  code  we  have  simulated 
the  magnetosphere  under  varying  IMF  orientations.  The 
purpose  was  to  see  what  distinguishing  factors  exist  when 
either  no  IMF,  a  southward  IMF,  a  northward  IMF  or  an 
east  west  IMF  is  present.  IVe  will  present  the  results 
of  these  computations. 

*  Work  supported  by  ONR  and  NASA. 


More  recently,  at  tne  ATS,  division  of  Plasma 
Physics,  Meeting  in  October  1 ^ S 1  an  invited  paper  was 
presented  on  this  work.  The  abstract  for  this  paper, 
for  a  second  paper  presented  on  this  subject  follow. 


Abstract  for  an  Invited  Paper 
for  tiie  Twenty  Third  Annual  Meeting  of  the 
Division  of  Plasma  Physics 
uct  id- lo,  ITS] 

Numerical  Simulations  of  Planetary  Magnetospheres- . 
d.A.  FliDDER,  Naval  Research  Laboratory,  Washington, 
P.C. ,  S.H.  BRhCifl  and  T~.  LYON,  Science  Application?, 
Inc.,  McLean,  Virginia  . 


The  interaction  of  the  solar  wind  with  planetary 
magnetospheres  presents  many  interesting  problems  to 
plasma  physicists.  These  problems  include  collision¬ 
less  shock  physics,  energy  and  momentum  coupling  pro¬ 
cesses,  and  generation  of  magnet ospheric  substorm 
phenomena.  The  recent  development  of  numerical  ‘IIP 
simulations  of  magnetosphere-  is  now  becoming  an 
important  tool  in  solving  those  problems.  At  NKL  we 
have  recently  completed  numerical  simulations  of 
magnetospiieres  on  a  global  scale.  Results  of  these 
simulations  will  'he  shown.  The  dynamic  equilibrium 
which  occurs  in  the  simulations  bears  a  strong  resem¬ 
blance  to  satellite  experimental  data  and  to  empirical 
magnetospheric  models.  Magnetospheric  substorm-like 
magnetic  reconnection  events  and  plasma  flows  in  the 
numerical  model  will  be  shown  and  discussed.  These 
disturbances  in  the  simulation  look  remarkably  like 
the  empirical  "neutral  line”  substorm  model,  he  will 
also  discuss  other  effects  of  a  changing  interplanetar)' 
magnetic  field  on  the  simulation  results.  Finally, 
results  of  the  solar  wind  interaction  with  comets  will 
be  presented.  These  results  show  the  formation  of  a 
cometary  magnetosphere  in  the  absence  of  an  intrinsic 
cometary  magnetic  field.  Certain  interesting  features 
of  cometary  ion  tails  will  be  discussed. 

*  Work  supported  by  the  Office  of  Naval  Research  and 
by  the  National  Aeronautics  and  Space  Administration. 
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Three  Dimensional  Structures  of  the  Earth’s 
Magnetosphere ,  S.H.  BRECHT,  J.G.  LYON,  Science 
Appl  i cat i ons ,  Ine . ,  J.A.  FEDDER,  and  K.  1L\I\,  Naval 
Research  Laboratory-- -  In  this  paper  we  present  results 
of  our  researcli  into  the  structure  of  the  earth's 
magnetosphere  and  its  dependence  on  and  interaction 
with  the  solar  wind.  This  research  is  carried  out  by 
performing  a  5-1)  ’BID  simulation  of  the  earth's  magneto- 
spheric  structure.  The  code  does  not  suffer  from 
unwanted  numerical  reconnection.  This  enables  us  to 
study  the  effects  of  reconnection  models  on  the  struc¬ 
ture  of  the  magnetosphere.  Results  of  this  work  will 
be  displayed.  Particular  emphasis  has  been  placed  on 
tite  effects  of  bow  resistivity  and  its  interaction 
with  the  solar  wind  on  the  magnetotail. 

*  This  work  is  sponsored  by  ONR  and  NASA . 


During  this  contract  year  we  have  also  undertaken 
simulation  of  cometary  tails  using  the  3-D  code.  From  this 
research  we  noted  direct  correlation  of  the  shape  of  the 
tail  with  the  IMF  and  its  orientation.  In  addition  wc-  have 
resolved  at  least  on  the  MHO  scale  the  controversy  as  to 
the  magnitude  of  the  magnetic  fielu  in  the  »tail.  This  work 
is  now  in  preparation  for  publication.  It  has  been  pre¬ 
sented  at  the  AGU  Meeting,  May  1981  (see  following  abstract 
and  in  the  invited  APS  paper  previously  referred  to. 

Comet  Magnetospheres,  J.A.  FEDDER,  Naval 
Research  Laboratory,  S.H.  BRECHT,  J.G.  LYON,  Science 
Applications,  Inc. --We  have  completed  5  dimensional, 
time  dependent,  MID  simulations  of  a  cometary  magneto¬ 
sphere  in  the  solar  wind.  This  presentation  will  show 
results  of  the  simulations  including  plasma  densities, 
plasma  pressures,  and  magnetic  fields.  Changes  in 
cometary  magnetospheres  created  by  DIF  variations  or 
comet  plasma  production  changes  will  also  be  presented 
and  discussed. 


B.  I  WEST  1  GAT  ION'S  OF  THE  LOWER  11YBRIH  DRIF'i  INSlAKiLIT 

The  primary  research  topic  investigated  is  the 
generation  of  microturbulence  in  reveised  field  plasmas. 
This  is  an  important  area  since  the  anomalous  transport 
properties  associated  with  the  turbulence  can  strongly 
affect  the  macroscopic  evolution  of  the  plasma  t.  i  .  e  .  ,  lead 
to  reconnection  processes  which  are  believed  to  be  crucial 
to  the  dynamics  of  the  earth's  magnetosphere  I .  To  this  end 
we  have  conducted  an  extensive  on-going  study  of  the  lower- 
hybrid-drift  iLHUj  instability  in  reversed  field  plasmas. 
Our  recent  work  has  focussed  on  the  excitation  of  this 
instability  in  non- ant ipara 1 1 e 1  reversed  field  plasmas, 
i.e.,  the  magnetic  fields  on  either  side  of  the  neutral 
line  are  not  antiparallel.  Such  a  magnetic  field  configura 

tion  contains  magnetic  shear  which  has  a  stabilizing 

*■  *  ” 

influence  on  the  lower-hybrid-drift  instability.  Ke  find 
that  magnetic  shear  lias  an  inhibiting  effect  on  the  lincai 
penetration  of  the  mode  toward  the  neutral  line.  This 
result  suggests  that  the  evolution  of  non-antiparallel 
reversed  field  plasma  may  be  quite  different  than  that  of 
antiparallel  reversed  field  plasmas.  A  report  on  this 
work  is  to  be  published  in  the  J.  Geophys.  Res.  It  appears 
in  this  report  as  Appendix  C,  entitled  "The  Lower-Hybrid- 
Drift  Instability  in  Non-ant i paral lei  Reversed  Field 
Plasmas . " 
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Both  linear  stability  properties  and  the  nonlinear 
evolution  and  stabilization  of  the  lower  hybrid  drift 
instability  have  been  studied  to  understand  plasma  transport 
in  inhomogeneous  finite  £  plasmas.  Completed  work  on 
linear  stability  includes  tiie  effect  of  shear  and  magnetic 
field  curvature  on  the  LHb  mode.  Magnetic  shear  has  a 
strong  stabilizing  effect  on  the  LHD  instability.  Analytic 

expressions  for  the  critical  magnetic  shear  necessary  for 
stabilization  of  tiie  instability  have  been  obtained  in 

finite  £  plasmas  fsee  Appendix  C) .  The  implication  of  this 
work  is  tnat  magnetic  reconnection  may  be  strongly  inhibited 
when  merging  magnetic  fluxes  are  not  antiparallel.  The 
physics  of  curvature-drift  resonances  in  curved  magnetic 
fields  and  the  role  of  the  drifts  in  the  lower  hybrid  drift 
instability  has  been  explored.  When  the  radius  of  curva¬ 
ture  of  the  magnetic  field  is  comparable  to  the  density 
scale  length,  strong  damping  of  the  lower  hybrid  drift 
instability  can  occur.  For  further  details  refer  to 
Appendix  P  of  this  report  which  has  also  been  published  as 
XRL  Memorandum  Report  -lobS. 

The  nonlinear  behavior  of  the  lower  hybrid  drift 
instability  has  been  studied  in  two  dimensions  (perpendicular 
to  the  magnetic  field  BJ  and  several  important  results 
have  been  obtained.  First,  the  nonlinear  behavior  of  the 
lower  hybrid  drift  can  be  described  by  the  Hasegawa -Mima 


equation  which  predicts  that  the  Liih  wave  spectrum  become 
two  dimensional  at  rather  low  amplitude.  A  two  dimension 
spectrum  implies  first  that  ion  trapping  or  quasilinear 
flattening  can  not  saturate  the  lower  hybrid  dri^t  instah 
ity  and  second  that  the  formation  of  two  dimensional 
vortices  ;  Exi>  trapping.'  can  cause  irreversible  electron 
transport.  The  saturation  of  the  lower  hybrid  drift  inst 
bility  by  coupling  to  high  h  modes  which  dissipate  energy 
by  heating  electrons  is  currently  under  investigation. 
This  work  has  been  reported  at  the  March,  1981  Sherwood 
iheory  Meeting.  The  abstract  follows. 


Saturation  and  Transport  by  the  Lower  Hybrid 
Instability  in  Two  Dimensions*,  .J.F.  DRAFT,  University 
of  Man-land,  J.D.  iflJBA,  Science  Applications,  Inc. --The 
nonlinear  saturation  of  the  lower  hybrid  drift  (LUD) 
instability  and  associated  particle  transport  is  studied 
for  a  two  dimensional  wave  spectrum  (perpendicular  to  R  J . 
in  previous  1-P  calculations,  it  has  been  demonstrated 
that  LIU)  can  not  irreversibly  transport  electrons  across 
B  unless  a  rather  large  threshold  e;/Tj  ~  (kvoes 1 ~  •- 
is  exceeded.1  In  a  two  dimension  wave  spectrum,  irrever 
ible  electron  transport  can  take  place  when  the  E  x  B 
trapping  threshold  is  exceeded,  ec/T^  >  (k^L^r1, 
x  being  the  direction  of  inhomogencity  with  scale  length 
Lji.  .\n  unstable  lower  livbrid  drift  mode  propagating 
along  the  diamagnetic  drift  direction  y  is  found  to 
decay  into  off  angle  modes  with  kx  ~  kv  which  saturate 
as  they  L  x  B  trap  the  electrons.  The  original  unstable 
mode  saturates  at  an  amplitude  ^  (nip/m; 

The  finite  kx  decay  modes  therefore  act  as  an  interme¬ 
diary  which  both  transports  electrons  irreversibly  and 
saturates  the  original  instability. 

*  Work  supported  by  the  office  of  Naval  Research. 

1  J.  F.  Drake  and  T.  T.  Lee,  Phys.  Fluids  (June  1981). 

"  R.  L.  Aamondt,  SAI  Report  ;  S.  P.  Hirshmann, 

Phys.  Fluids  25,  5cO  (1980J. 
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C.  DOUBLE  LAYER  MODELING 

A  1-P  t ime - dependent  Vlasov  code  was  developed  to 

study  the  evolution  of  plasma  double  layers.  The  code  includes 

provisions  for  boundary  conditions  suitable  to  the  study  of 

both  laboratory  and  auroral  plasmas.  First  results  were 

reported  at  the  December,  1980  AGU  Meeting.  A  detailed 

simulation  of  double-layer  formation  was  obtained  in  the 

Buneman  flow  reeime,  where  the  electron  drift  velocitv  l) 

exceeds  the  electron  thermal  velocitv  V  ,  and  the  ion  drift 

e 

velocity  exceeds  the  ion  sound  speed  Cs ,  and  where  Tp  =  T.. 

A  run  has  been  begun  to  extend  the  parameter  regime  into  the 
ion-acoustic  regime  with  II  <  V  and  T  =  10  T-  .  This  run 
has  been  interrupted  at  a  stage  where  a  double  layer  has 
formed  but  is  not  yet  in  steady  state. 

Development  of  a  post -process ing  code  has  begun 
and  is  continuing,  for  detailed  analysis  of  the  particle 
and  field  dynamics.  In  addition,  we  have  begun  initial 
stages  of  an  analytical  model,  motivated  by  the  simulations, 

t 

of  the  transition  from  the  wave - instabi 1 ity-dominated  initial 
phase  to  a  longer- length-scale  structure.  This  transition 
is  effected  through  ion  trapping,  and  we  are  attempting  to 
develop  an  analytical  description  of  the  trapping  process 
and  the  consequent  phase-space  dynamics.  This  effort  is 
highly  preliminary. 

Talks  on  this  subject,  all  with  the  title  "Vlasov 
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Simulation  of  Plasma  Double  Layers",  were  presented  at  the 
following:  the  AGU  Meeting,  University  of  Iowa,  and  UCLA 

December  1980,  IAGA,  4th  Scientific  Assembly,  Edinburgh, 

Scotland,  Chalmers  University,  Gothenburg,  Sweden,  and  Royal 
Institute  of  Technology,  Stockholm,  Sweden,  August,  1981. 

The  following  abstract  is  for  the  talk  at  the  IAGA  Meeting. 

VLASOV  SIMULATION'  OF  PLASMA  DOUBLE  LAYERS* 

Robert  A.  Smith  (Science  Applications,  Inc.,  McLean,  VA, 

22102  U.S.A.) 

we  have  developed  a  1-D  Vlasov  code  to  study  the 
temporal  evolution  of  double  layers,  subject  to  initial  and 
boundary  conditions  specificallv  appropriate  to  space  plasmas. 

A  primary  object  of  this  study  is  to  determine  whether  double 
layers  can  actually  develop  under  these  conditions,  vie : 

(i)  The  double  layer  is  simulated  in  a  finite  plasma 
column  which  forms  a  part  of  a  complete  circuit;  the  circuit 
also  contains  an  ideal  battery,  a  lumped  resistance,  and  a 
lumped  inductance.  In  the  magnetospheric  analogue,  these 
latter  elements  represent  the  convection  electric  field,  the 
ionosphere,  and  the  magnetosphere,  respectively; 

(.iil  The  external  potential  is  initially  applied 
across  the  resistance  alone,  not  across  the  plasma  column. 

The  circuit  equation  depends  on  the  time  history  of 
the  double  layer,  and  is  solved  simultaneously  with  the  1-D 
Vlasov  and  Poisson  equations  which  describe  the  double -layer 
evolution.  The  current  determined  by  the  circuit  equation 
provides  the  boundary  condition  for  the  simulation.  Auxiliary 
plasma  sources,  representing  the  auroral  flux  tube  upstream 
and  downstream  of  the  double  layer,  are  necessary  to  inject 
supplementary  current  contributions  to  satisfy  the  boundary 
condition . 

The  way  in  which  this  injection  is  implemented  is  in 
effect  a  model  of  the  local  magnetospheric  response  to  the 
double-layer  evolution,  and  affects  both  the  dynamics  of  the 
structure's  evolution  and  its  stability. 

*Work  supported  by  and  performed  at  the  Naval  Research  Laboratory, 
Washington,  D.C., U.S.A. 
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A  paper  on  this  subject  has  been  published  as  an  SAI 
Report  #  SAI  81-344-WA,  January  1981,  and  will  appear  in 
Physica  Scripta.  It  appears  in  this  report  as  Appendix  E. 
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D. 


AURORAL  ELECTRON  ACCELERATION 


During  the  past  year  we  have  made  significant  pro¬ 
gress  in  understanding  when  anomalous  resistivity  can  appear 
on  auroral  field  lines  and  lead  to  the  local  acceleration 
of  auroral  electrons. 

With  P.  J.  Palmadesso  and  k  »’ jdopoulos  we 
studied  the  effects  of  strong  la*  Y  .uency  turbulence  on 
electron  acceleration.  We  showed  in  a  strong  magnetic 

field  (ftce  >  Wpe)  such  as  exists  on  auroral  field  lines, 
finite  amplitude  ion  cavities  with  (5n^/nQ>  0.2  trap  over 
half  the  electrons.  When  a  parallel  dc  electric  field  is 
applied  only  the  untrapped  electrons  are  accelerated. 

This  leads  to  the  appearance  of  a  field  aligned  runaway 
beam,  streaming  instabilitie‘5  between  the  trapped  and 
untrapped  electrons  and  anomalous  resistivity.  This  work 
was  published  in  Phys.  Fluids  2_4  ,  832  (1981)  and  appears 
in  this  report  as  Appendix  F,  under  the  title  "One-dimensional 
direct  current  resistivity  due  to  strong  turbulence." 

With  P.  J.  Palmadesso  and  K.  Papadopoulos  we 
carried  out  a  series  of  particle  simulations  which  included 
the  effects  of  finite  ion  cavities  and  pitch  angle  scat¬ 
tering  at  the  anomalous  Doppler  resonance.  With  ion 
fluctuations,  the  electric  field  forms  a  strongly  field 
aligned  beam  of  energetic  electrons.  When  these  runaways 
are  accelerated  above  a  critical  velocity  [ vc  =»  3 (^re/wpe) vte ] » 
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where  v  is  the  electron  thermal  velocity,  u,  is  the 
te  •  ’  pe 

plasma  frequency,  and  &ce  is  the  cyclotron  frequency,  a 
plasma  instability  at  the  anomalous  Doppler  resonance 
pitch  angle  scatters  the  electrons.  This  breaks  the 
adiabatic  invariance  of  the  electron's  magnetic  moment 
and  leads  to  the  appearance  of  very  strong  anomalous 


resistivity  and  isotropized  energetic  electron  beams. 

Preliminary  results  of  the  simulations  were  presented  as 

an  invited  talk  at  the  1980  APS  Plasma  Physics  meeting. 

Further  results  with  applications  to  the  aurora  were  given 

at  another  invited  paper  at  the  spring  meeting  of  the 

AGU  (1981).  The  abstract  for  this  paper  follows. 

Strong  Turbulence  and  its  Effects  on  D.C. 

Resistivity  on  Auroral  Field  Lines*,  H.L.  ROWLAND, 

K.  PAPADOPOULOS ,  University  of  Maryland,  P.  PAUJADESSO, 

Naval  Research  Laboratory- -A  classical  problem  in 
laboratory  and  space  plasma  physics  is  the  existence  of 
field  aligned  potential  drops  in  strongly  magnetized 
(u>pe  <  ftce)  collisionless  plasmas.  Even  in  the  presence 
or  effects  that  would  generate  strong  anomalous  re¬ 
sistivity  in  an  unmagnetized  plasma,  the  invariance 
of  the  magnetic  moment,  y,  of  the  electrons  will  result 
in  runaway.  We  demonstrate  by  theory  and  computer 
simulations  that  the  adiabaticitv  of  y  for  electrons 
accelerated  above  a  certain  critical  velocity  breaks 
down  due  to  the  anomalous  Doppler  resonance  instabil¬ 
ity.  This  along  with  some  recent  concepts  of  strong 
turbulence  allows  us  to  present  a  coherent  theory  of 
anomalous  resistivity  and  electron  acceleration,  \vhich 
fits  the  observed  distribution  of  energetic  electron 
fluxes.  In  the  presence  of  ion  density  fluctuations 
with  6n/no  >  0.2  such  as  observed  in  the  auroras,  the 
electron  response  to  a  field  aligned  potential  occurs 
in  three  stages.  The  first  stage  is  one  dimensional 
and  a  long,  flat  tail  forms  on  one  side  of  the  elec¬ 
tron  distribution  as  the  electric  field  separates 

*  This  work  was  supported  by  the  N’SF  ATM-782524A01 
and  ONR. 
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untrapped  electrons  and  electrons  nonlinearlv  trapped 
by  the  ion  fluctuations.  When  the  electrons  reach  a 
critical  velocity  for  the  onset  of  the  anomalous 
Doppler  resonance  instability,  the  current  is  clamped 
and  the  electrons  are  heated  in  the  perpendicular 
direction.  Until  the  tail  electrons  are  heated  such 
that  T  =  T  the  current  does  not  increase  and  one 
sees  a  strong  resistivity.  On  longer  time  scales  the 
behavior  of  the  system  depends  upon  the  loss  rate  of 
the  electrons  with  large  perpendicular  velocities. 

A  paper  covering  the  preliminary  results  of  this 
work  has  been  accepted  for  publication  by  Geophvs .  Res. 

Lett.  This  paper,  entitled  "Anomalous  Resistivity  on 
Auroral  Field  Lines,"  appears  in  this  report  as  Appendix  G. 

A  longer  more  detailed  manuscript  is  in  preparation.  The 
hot  isotropized  electron  distributions  seen  in  our  computer 
simulations  are  in  excellent  agreement  with  the  observed 
electron  distributions  in  the  auroral  zones.  Most  exciting 
are  some  new  measurements  based  on  AE-D  data.  With  C.  S.  Lin, 
Southwest  Research  Institute  (SRI),  we  have  found  several 
events  where  because  of  the  high  time  resolution  of  the 
data  (60  ms)  we  could  see  in  detail  the  acceleration  of 
the  electrons.  Based  upon  our  model  and  simulations  so 
long  as  the  electron's  velocity  is  below  vc  we  expect  to 
see  strongly  field  aligned  beams.  Above  this  velocity  the 
beam  should  become  isotropized.  For  example  during  one 
event  seen  by  AE-D  there  was  a  downward  beam  of  energetic 
electrons  with  a  peak  energy  of  ~1  keV.  The  ratio  of 
particle  flux  at  10°  to  the  magnetic  field  to  that  at 
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60°  was  10:1.  Kithin  0.5  sec  the  energy  of  the  beam 
increased  to  7  keV  and  at  the  same  time  the  flux  ratio 
dropped  to  one.  This  work  was  presented  at  the  1981  fall 
meeting  of  the  AGU. 
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E.  ELF/VLF  G EXE RAT I  OX  IX  THE  IOXOSPHERE 

Studies  of  RF  heating  of  the  ionosphere  for  the 
purpose  of  generating  oscillating  currents  at  low  fre¬ 
quencies  have  been  performed.  It  was  found  that  maximum 
heating  and  associated  changes  of  conductivity  occurred  on 
the  x-mode  for  altitudes  between  70-80  km.  The  results, 
which  are  relevant  to  wireless  communications,  have  been 
applied  to  that  subject  in  a  paper  entitled,  "Wireless 
Generation  of  ELF/VLF  Radiation  in  the  Ionosphere"  which 
appeared  in  the  1981  Symposium  on  the  Effects  of  the 
Ionosphere  on  Radio  Wave  Systems.  The  paper  is  included  in 
this  report  as  Appendix  H. 

In  addition,  the  direct  excitation  of  ELF  currents 
by  transferring  wave  momentum  to  electrons  or  by  cyclotron 
resonance  enhancement  of  their  magnetic  moment  was  studied. 
Preliminary  estimates  indicate  that  significant  currents 
can  be  achieved  with  antennas  having  a  power  of  100  MW. 

A  paper  describing  this  work  in  more  detail  appears  in 
Appendix  I,  entitled  "ELF  Current  Generation  in  the 
Ionosphere . " 
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F. 


HIGH  ALTITUDE  NUCLEAR  EFFECTS 


Several  efforts  during  this  contract  period  which  have 
direct  relevance  to  the  needs  of  the  high  altitude  effects 
community  have  been  completed.  These  include:  Cl)  analysis 
of  structuring  observed  in  the  STARFISH  event  and  early  time 
structure  formation  in  the  LWIR  predicted  for  a  standard 
event,  (.-)  IR  structure  development  in  a  hypothetical 
uranium  release,  (3)  the  effect  of  velocity  shear  on  plasma 
instabilities,  (4}  two  bubble  interaction  effects  in  the 
equatorial  spread-F  phenomenon,  and  (5)  analysis  of  the 
plasma  torus  observed  around  the  moon,  Io,  of  the  planet 
Jupiter.  Each  of  these  topics  is  described  in  the  following 
sections . 

(1)  Structuring  in  Nuclear  Bursts 

The  effort  in  the  high  altitude  area  was  directed 
toward  understanding  some  of  the  structured  phenomena  seen 
in  the  Starfish  event  and  providing  DNA  with  estimates  of 
the  structuring  expected  for  early  times  during  a  Spartan 
event . 

In  the  effort  to  understand  the  structuring  seen 
in  the  Starfish  event  particular  attention  was  paid  to  the 
high  altitude  streaks.  It  was  found  that  our  work  in  cross 
field  jetting  provided  a  consistent  picture  of  the  dynamics 
and  structure  seen  in  the  Starfish  event.  This  research 


was  published  as  an  \RL  Memorandum  Report  £4555,  1981. 

What  follows  is  the  unclassified  abstract  from  the  report, 
which  is  classified  CONFIDENTIAL.  The  report  is  titled 
"Interpretation  of  High  Altitude  Streaks  in  Starfish  (U J " 
and  is  authored  by  S.  H.  Brecht,  C.  Agritellis,  and 
E.  Hyman  of  SAI  and  P.  J.  Palmadesso  of  NRL . 


In  this  report  the  high  altitude  streaks  of 
radiating  plasma  seen  in  Starfish  photographs  are 
discussed.  It  is  proposed  that  these  streaks,  as 
seen  in  photographs  from  the  LASL  aircraft,  are  in 
fact  the  result  of  solar  illumination.  The  mechanism 
for  transporting  plasma  to  the  altitude  of  these 
streaks  is  proposed  to  be  Ravleigh-Tavlor  instabilities 
driven  by  centrifugal  force  and  laminar  acceleration 
of  ions  ahead  of  the  expanding  shock.  This  explanation 
is  supported  by  the  correlation  between  analysis  of  the 
photographs  produced  independently  from  this  work  and 
our  calculations  of  the  instability  onset  conditions 
along  with  the  location  of  the  earth's  shadow  line. 

It  is  felt  that  in  light  of  this  explanation  further 
analysis  of  the  photographic  data  may  yield  very  useful 
information  concerning  the  amount  am*  type  of  plasma 
that  is  radiating  and  better  estimates  of  long  term 
trapped  radiation  at  high  L  shells. 


In  response  to  a  request  from  NRL  to  provide  DNA 
with  some  estimates  for  early  time  structure  for  the  Lh'IR 
problem,  the  SCORPIO  code  was  coupled  to  a  numerical  module 
which  describes  the  behavior  of  the  Rayleigh-Taylor  insta¬ 
bility,  as  discussed  by  Brecht  and  Papadopoulos^  These 
calculations  were  completed  and  delivered  to  DNA.  Entitled 
"Structuring  Caused  by  the  Rayleigh-Taylor  Instability"  by 
S.  H.  Brecht  and  E.  Hyman  of  SAI  and  P.  J.  Palmadesso  of 
NRL,  it  appears  in  this  report  as  Appendix  J. 
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(2) 


Structure  Development  in  a  Uranium  Release 


lv'e  developed,  a  model  and  performed  a  3D  simulation 
of  a  daytime  hypothetical  uranium  release  at  200  km  alti¬ 
tude,  and  calculated  emission  in  the  LWIR  (ll-14p}  induced 
by  sunlight  and  earthshine.  Of  the  constituents  in  nuclear 
debris  the  uranium  atom  is  of  particular  interest  because 
it  associatively  ionites  in  the  upper  atmosphere  (U+O-*-  UO++e  )  . 
At  altitudes  above  ~100  km  this  ion  will  be  very  long-lived 
and  is  potentially  a  strong  emitter  in  the  LWIR,  resulting 
in  a  strongly  emitting  structured  plasma  in  the  atmosphere, 
potentially  important  for  many  defense  systems. 

Based  on  a  model  consisting  of  a  one-level  fluid 
and  assuming  an  integrated  Pedersen  conductivity  ratio 
(cloud  to  ambient)  of  5,  we  followed  the  motion  of  the  cloud 
as  it  diffuses  in  a  direction  parallel  to  the  magnetic  field. 
Gradient  drift  striations  developed  rapidly  transverse  to  the 
magnetic  field  and  across  the  direction  of  the  relative 
velocity  of  neutrals  to  ions.  We  obtained  contour  plots  of 
the  radiance  in  the  LWIR  as  a  function  of  time,  and  as 
observed  by  sensors  in  various  locations.  Power  spectra 
were  calculated  to  quantify  the  development  of  spatial 
irregularities  in  the  radiance.  We  found  that,  because  of 
parallax  large  changes  can  occur  in  the  structuring  if  we 
alter  the  distance  from  observer  to  cloud  or  change  slightly 
the  direction  of  observation.  The  significance  of  these 


results  to  the  defense  community  is  still  being  evaluated. 

This  work  has  been  published  as  an  XRL  Memorandum  Report  *4659 
(1981 J  entitled  "Preliminary  .Numerical  Simulation  of  IR 
Structure  Development  in  a  Hypothetical  Uranium  Release"  and 
it  appears  here  in  Appendix  K. 

The  description  of  the  technique  for  obtaining 
radiance  contour  plots  is  given  in  Appendix  L,  "The  PHARO 
Code"  which  has  been  published  as  NRL  Memorandum  Report  #466- 
(1981)  . 

(3)  The  Effect  of  Velocity  Shear  on  Plasma  Instability 

Properties 

We  have  undertaken  the  study  of  the  effect  of 
velocity  shear  on  certain  ionospheric  phenomena. 

(a)  The  Effect  of  Velocity  Shear  on  the  Rayleigh- 

Taylor  Instability 

Using  the  low  frequency  ordering  for  ions  and 

electrons,  a  mode  structure  equation  was  derived  for  the 

Rayleigh-Taylor  mode  in  the  presence  of  velocity  shear. 

The  numerical  solution  of  this  equation  shows  that  there 

is  a  preferential  stabilization  of  the  modes  for  which 

k  L  >1,  where  k  is  the  wave  vector  in  the  east-west 
y  v  y 

direction  and  Ly  is  the  scale  length  of  the  velocity  shear. 
Hence  the  maximally  growing  modes  occur  for  kyLv  <  1  (i.e., 
long  wavelength  modes).  This  may  explain  the  observation 
of  long  wavelength  bottomside  irregularities.  For  further 
details  on  this  phenomenon  refer  to  the  paper  "Influence 
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of  Velocity  Shear  on  the  Rayleigh-Taylor  Instability," 

P.  N.  Guzdar,  P.  Satyanarayana ,  J.  D.  Huba  and  S.  L.  Ossakow. 
This  work  has  been  submitted  for  publication  in  Geophys. 

Res.  Lett.  It  also  has  appeared  as  XRL  Memorandum  Report  *4701 
(1981)  and  is  reproduced  in  this  report  in  Appendix  M. 

(b)  The  Effect  of  Velocity  Shear  on  the  E  x  B 

Instability 

Using  self  consistent  density  and  velocity  profiles 

we  have  studied  the  Perkins  and  Doles  equation  for  the 

E  x  B  Instability.  We  find  for  £  =  E„  (x)  sine  e  +  E  cos6  e 

'  ox  x  ov 

the  instability  survives  for  8  ^  80°  and  moves  toward 
longer  wavelengths  as  we  increase  9  from  0  to  IT / 2 .  This  may 
be  of  relevance  to  some  observations  of  high  latitude 
irregularities  as  well  as  barium  cloud  experiments . 

(4)  Two-Bubble  Interaction  Effects  in  the  Equatorial 

Spread- F  Phenomenon  ’ 

Considerable  work  has  recently  been  done  to  under¬ 
stand  the  phenomenon  of  equatorial  spread-F  (ESF) .  In  this 
regard,  extensive  theoretical,  numerical  and  experimental 
efforts  have  been  made  to  study  the  linear  and  nonlinear 
behavior  of  non-interacting  single  or  an  array  of  density 
depletions  ("bubbles")  under  the  influence  of  the  E  x  B 
drift.  For  detailed  recent  reviews,  see.  for  example, 

Ossakow  (1981) (Appendix  N)  and  references  therein.  In  these 
previous  models,  the  interaction  between  the  depletions  is  not 
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included.  In  reality,  however,  such  density  depletions 
are  not  necessarily  isolated  from  each  other.  We  have  re¬ 
cently  completed  an  analysis  to  assess  the  quantitative 
effects  of  interactions  between  two  neighboring  depletions 
(Chen  and  Satyanarayana ,  1981;  manuscript  in  preparation). 

The  techniques  developed  in  this  analysis  allow'  us 
to  calculate  to  a  high  degree  of  accuracy  the  effects  on 
the  rise  velocities  of  depletions,  the  forces  (repulsive) 
between  two  depletions,  the  degree  of  distortion  of  the 
depletions  and  other  effects  of  interest.  The  techniques 
can  also  be  extended  to  treat  an  infinite  array  of  deple¬ 
tions  straightforwardly.  The  quantitative  results  gained 
from  this  analysis  may  be  useful  in  understanding  the  more 
realistic  behavior  of  equatorial  spread-F  irregularities. 

A  summary  of  the  upcoming  paper  is  given  in 
Appendix  N. 

(5)  Analysis  of  the  Plasma  Torus  Observed  Around  the 

Moon,  Io,  of  the  Planet  Jupiter 

Another  major  effort  this  year  has  been  the  formula¬ 
tion  of  a  theory  of  wave-particle  interaction  governing 
the  thermodynamics  of  the  Io  plasma  torus.  This  can  be 
considered  an  additional  means  of  testing  our  understanding 
of  various  plasma  mechanisms  by  comparing  with  experimental 
measurements.  Voyager  satellite  observations  reveal  the 
torus  plasma  to  consist  of  S  (sulfur)  and  0  (oxygen)  ions 
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in  various  charge  states  and  with  quasi -Maxwellian  distri¬ 
butions  at  temperatures  between  20  eV  and  80  eV,  and 
electrons  at  approximately  5  eV.  The  electrons  must  be 

maintained  at  5  eV  against  energy  losses  in  exciting  the 

1  ° 

ions  to  radiate,  at  ~10  *"  Watts,  in  the  extreme  ultra-violet 
(EUV) .  Moreover,  the  plasma  is  believed  to  be  created 
with  the  ions  at  500  eV  -  600  eV  and.  the  electrons  at 
^0.1  eV,  indicating  that  the  energy  transfer  is  from  the 
ions  to  the  electrons.  The  lifetime  of  plasma  in  the  torus 
is  sUO6  sec,  too  short  for  the  energy  balance  to  be 
effected  by- collisional  processes  alone. 

We  have  developed  a  model  incorporating  the  ion 

loss-cone  (.Post-Rosenbluth)  instability,  which  is  strong ^ 

/ 

when  there  is  a  distinct  nonthermal  peak  in  the  ion  distri¬ 
bution  f(v^);  sucli  a  peak  exists  at  the  creation  velocijty. 

We  solve  a  steady-state  quasi-linear  equation  for  the  ion 
distribution,  including  the  effects  of  ion-ion  and  ion- 
electron  collisions,  quasi-linear  velocity  diffusion  with 
a  diffusion  coefficient  for  the  ion  loss-cone  instability, 
charge  exchange,  ionization  sources,  and  macroscopic 
plasma  loss.  Detailed  balance  between  wave  growth  and 
electron  damping  is  assumed  to  exist,  justifying  the 
steady-state  approach. 

Armed  with  the  ion  distribution  function,  we  can 
determine  the  effect  of  various  processes  in  the  energy 
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budget.  Preliminary  results  are  encouraging  but  not  yet 
definitive.  Using  a  simplified  treatment  of  the  quasi- 
linear  diffusion  coefficient,  we  have  found  the  wave- 
particle  transfer  to  be  competitive  with,  but  not  dominating, 
collisional  transfer.  The  ion  distribution  resulting  from 
this  treatment,  however,  is  hotter  than  that  observed,  and 
so  exaggerates  the  collisional  transfer. 

This  work  is  still  in  progress;  the  next  steps 
will  include  a  refinement  of  the  treatment  of  the  quasi- 
linear  diffusion  coefficient  (making  a  more  accurate 
approximation  which  will  enhance  the  diffusion)  and  the 
possibility  of  including  a  non-local  source  of  colder  ions. 

During  the  contract  period,  this  work  has  been 
discussed,  under  the  title  "Wave -particle  energy  transfer 
in  the  Io  plasma  torus,"  at  the  conference  on  "The  Physics 
of  the  Jovian  and  Saturnian  Magnetospheres”  at  JHU/APL 
(October,  1981),  at  the  APS  Plasma  Physics  Division  meeting, 
October  1981  and  at  the  AGU  meeting,  December  1981.  The 
abstract  for  the  latter  talk  follows. 

Wave- Particle  Energy  Transfer  in  the  Io  Plasma 
Torus* ,  R.A.  SMITH,  Science  Applications,  Inc., 

P.J.  PALMADESSO,  D.F.  STROBEL,  Naval  Research 
Laboratory- -One  of  the  more  intriguing  problems  posed 
by  the  discovery  of  the  Io  plasma  torus  is  the 
mechanism  whereby  the  newly  created  and  accelerated 
ions  transfer  their  gyration  energy  to  the  cold  elec¬ 
trons,  which  in  turn  collisionally  excite  ambient  0 
and  S  ions  to  radiate  3  x  10^2  w  in  the  extreme 
ultraviolet  (EUV) .  Coulomb  collisions  are  insufficient 

*  This  work  supported  by  XASA. 


28 


to  account  for  the  observed  temperatures  and  the  EUV 
radiative  power  loss.  We  propose  that  wave-particle 
instabilities  are  the  principal  means  of  energy 
transfer,  and  construct  a  simple  model  based  on  the 
Post-Rosenbluth  instability.  We  predict  an  ion 
velocity  distribution  function  characterised  by  a 
thermal  collision-dominated  Maxwellian  and  a 
secondary  peak  at  the  pickup  speed  which  is  the 
signature  of  newly  created  ions  accelerated  to 
corotation  and  charge  exchange.  Approximately  0.3 
of  all  ions  are  suprathermal ,  and  the  electrons  are 
heated  by  wave  absorption.  The  fraction  of  hot  ions 
is  diagnostic  of  the  ion  creation  rate  and/or 
residence  time. 
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EVALUATIONS  OF  ATMOSPHERIC  COOLING  MODEL 


During  this  contract  period  we  have  tested  the 
adequacy  of  our  model  by  calibrating  calculated  fluxes 
against  satellite  measurements.  We,  also,  have  evaluated 
the  accuracy  of  using  globally  averaged  approximations  for 
obtaining  infrared  cooling  rates.  The  model  we  have 
developed  is  important  in  enabling  us  to  understand  the 
balance  between  incoming  solar  radiation  and  outgoing  IR 
emitted  to  space  from  the  earth's  surface,  from  clouds,  and 
by  the  atmosphere.  This  balance  will  be  critically  affected 
by  the  concentrations  of  IR  active  constituents,  particularly 
CU  and  CO.,. 

To  validate  our  two-stream  model  we  calibrated  our 
predicted  CO,  and  0,  fluxes  against  published  satellite 
observations*'2-^  of  the  specific  intensity  perpendicular  to 
the  earth's  surface.  The  agreement,  both  for  CC>2  and  0-, 
is  good.  In  addition  to  the  above,  we  evaluated  the  effect 
on  the  global  temperature  of  varying  the  0,  concentration. 

We  find  the  peak  stratospheric  temperature  decreases  by 
more  than  20°K  while  the  equilibrium  surface  temperature 
increases  by  0.6°K.  We  have  also  compared  the  validity 
of  the  single  temperature  profile  against  radiative  equili¬ 
brium  calculations  on  a  mul ti - latitude  grid.  The  single 
profile  approximation  is  shown  to  be  very  good.  This  work 
is  described  in  more  detail  in  Appendix  0  of  this  report, 
which  is  in  preparation  for  submission  to  the  J.  Geophvs.  Res. 


H.  OZONE  TRANSPORT 

Ozone  transport  has  been  studied  using  both  steady 
state  and  time  dependent  models  of  planetary  waves  propagat¬ 
ing  into  the  winter  stratosphere.  ■  A  diabatic  circulation 
is  superimposed  on  the  zonal  mean  flow  forced  by  the 
planetary  waves  in  the  time  dependent  model. 

The  steady  state  results  indicate  increasing  ozone 
in  the  polar  regions  and  decreasing  ozone  in  the  tropical 
regions.  This  transport  is  confined  largely  to  the  region 
where  there  is  a  transition  from  photochemical  to  dynamic 
control  of  the  ozone  distribution.  The  rate  of  change  of 
the  zonal  mean  ozone  field  calculated  with  the  steady  state 
model  indicates  that  the  transport  of  ozone  by  steady  dis¬ 
sipating  planetary  waves  is  insufficient  to  produce  the 
observed  spring  ozone  maximum.  The  results  of  the  steady 
state  model  were  presented  at  a  seminar  at  Florida  State 
University,  Tallahassee,  FI.,  in  March,  1981.  A  report 
documenting  this  work  is  included  herein  as  Appendix  P. 

The  time  dependent  model  simulates  stratospheric 
sudden  warmings.  When  there  is  no  diabatic  circulation, 
it  is  found  that  the  time  of  the  warming  is  a  time  of 
large  poleward  and  downward  transport  of  ozone.  The 
transport  is  correlated  with  the  descent  of  zonal  mean 
easterlies  during  the  warming. 

Inclusion  of  the  diabatic  circulation  greatly 
increases  the  downward  transport  of  ozone  at  all  latitudes. 


This  transport  produces  an  unrealistically  high  concentra¬ 
tion  of  ozone  in  che  lower  stratosphere.  This  large  buildup 
may  indicate  the  omission  of  an  important  transport  mechanism 
of  smaller  scale  than  planetary  waves. 

An  abstract  lias  been  submitted  to  the  Fifth  Interna¬ 
tional  Symposium  on  Solar  Terrestrial  Physics  to  be  held  in 
Ottawa,  Canada,  in  May  1982  where  we  will  present  the  results 
of  the  time  dependent  model.  The  following  is  an  abstract 
for  this  presentation. 

The  Effect  of  Stratospheric  Warmings  on  the 
Zonal  Mean  Ozone  Distribution,  R.B.  ROOD,  Science 
.Applications,  Inc.- -A  plane  planetary  wave  model 
capable  of  simulating  stratospheric  warmings  is  used 
to  study  the  transport  of  ozone  in  the  middle  atmosphere. 

The  model  indicates  that  the  ozone  distribution  is 
primarily  controlled  by  the  diabatic  circulation  and 
planetary  wave  transport  during  sudden  warnings.  The 
major  effect  of  the  warming  is  to  enhance  the  northward 
transport  of  ozone;  therefore,  producing  a  larger 
spring  maximum  than  associated  with  the  diabatic 
circulation  alone. 

During  a  strong  warming,  ozone  is  decreased 
by  more  than  151  in  the  tropics  and  likewise  increased 
in  the  polar  regions.  Much  of  this  change  is  counter¬ 
acted  by  the  chemistry  returning  the  distribution  to 
its  equilibrium  values.  After  the  warming  event  there 
is  an  increase  of  approximately  1  ppm  in  the  polar 
lower  stratosphere  where  ozone  is  chemically  inert. 

The  possibility  of  such  enhancement  of  polar  ozone 
concentration  by  stratospheric  warmings  is  indicated 
by  Zullig  (.1973) ._ 

Reports  describing  the  results  of  both  models  are  in 
preparation  and  will  be  submitted  to  the  Journal  of  the 
Atmospheric  Sciences. 


\  We  have  performed  an  investigation  of  certain 

t  constraints  imposed  on  the  amplitude  of  internal  Rossby 


waves  by  the  conservation  of  potential  vorticity  and  by 
the  requirement  of  hydrodynamic  stability.  We  find  that 
these  constraints  restrict  the  amplitude  of  Rossby  waves 
to  be  less  than  a  certain  prescribed  maximum  value.  This 
maximum  amplitude  is  close  to  what  is  observed  in  the 
lower  stratosphere.  For  further  details  refer  to  Appendix  Q, 
entitled  "A  Note  on  the  Limits  of  Rossby  Wave  Amplitudes" 
which  will  be  submitted  to  the  Journal  of  the  Atmospheric 
Sciences . 


J.  GENERAL  CIRCULATION  MODEL  STUDIES 

Comparison  computer  runs  were  performed  with  the 
UCLA  General  Circulation  Model  (GCM)  both  with  and  without 
inclusion  of  the  modal-split-explicit  (MSE)  method.  The 
results  were  compared  as  to  stability,  efficiency,  and 
accuracy  and  the  MSE  method  came  out  with  high  marks. 

These  results  have  been  published  in  the  Proceedings  of 
the  Fifth  Conference  on  Numerical  Weather  Prediction  of 
the  American  Meteorological  Society,  November  1981,  at 
which  meeting  they  were  presented.  This  work  was  also 
published  as  an  NRL  Memorandum  Report  #45"’2  entitled 
"Formulation  of  a  Modal-Split-Explicit  Time  Integration 
Method  for  use  in  the  UCLA  Atmospheric  General  Circulation 
Model,"  1981  and  is  included  in  this  report  as  Appendix  R. 
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k. 


COLLECTIVE  PARTICLE  ACCELERATION 


There  has  been  some  resurgence  of  interest  in  the 
production  of  high-encrgv  particle  beams  by  collective 
acceleration  processes  in  the  last  few  years.  A  negative- 
energy  wave  train  grown  on  the  intense  annular  relativistic 
electron  beam,  propagating  parallel  to  the  applied  magnetic 
field  inside  a  conducting  drift  tube,  can  transfer  energy 
to  those  trapped  particles  in  the  center  of  the  tube.  Ke 
have  studied  the  stability  of  this  multi-beam  system  using 
a  f luid-Maxwel 1  theory  of  the  diocotron  instability.  A 
dispersion  relation  was  derived  for  the  special  case  of  a 
strong  magnetic  field,  a  tenuous  particle  beam  and  a- sharp 
boundary  density  profile.  The  stabil i ty  analys is  f or  the 
case  of  infinitely  long  beams  indicates  that  the  kink  mode 
becomes  unstable  for  most  geometry  and  beam  parameters  used 
in  the  NRL  collective  accelerator  experiment.  Nevertheless, 
the  finite  geometry  effects  have  a  substantial  influence 
on  the  behavior  of  a  real  device.  The  group  velocity  of 
transverse  oscillation  is  very  sirill  compared  to  the  beam 
particle  speed  so  that  the  instability  does  not  prevent 
acceleration  of  the  beam  head.  Other  methods,  such  as 
increasing  the  beam  energy  and  applied  magnetic  field  or 
chopping  the  solid  beam,  can  reduce  the  instability 
substantially. 
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Another  problem,  that  of  choosing  the  parameters  of 
an  injection  system  with  a  spatially  modulated  magnetic 
field,  was  also  considered  for  the  collective  particle 
accelerator.  The  energy  threshold  of  the  injected  particle 
was  calculated  using  a  simple  one  dimensional  model  for 
different  beam  parameters  and  various  phases  of  the 
accelerating  wave.  Any  particle  with  insufficient  injec¬ 
tion  energy  will  be  rejected  from  propagating  into  the  tube. 

These  results  were  presented  at  the  APS,  Division 
of  Plasma  Physics  Meeting,  October  1981.  The  following  is 
an  abstract  of  the  paper  delivered. 

Injection  and  Propagation  of  Intense  Coaxial 
Multiple  Beams  in  the  Collective  Particle  Accelerator, 

H.C.  Chen,  Science  Applications,  Inc.,  and  P.J. 

PALMADESSO,  Naval  Research  Laboratory*- -A  fluid - 
Maxwell  theory  of  the  diocotron  instability  has  been 
extended*  to  study  a  system  of  multi-beams  propagating 
parallel  to  an  applied  axial  magnetic  field  in  a 
conducting  drift  tube,  including  some  effects  of  fin¬ 
ite  geometry.  The  stability  analysis  for  the  case 
of  infinitely  long  beams  gives  results  in  agreement 
with  those  obtained  by  Ulim,-  but  finite  geometry 
effects  have  a  substantial  influence  on  the  behavior 
of  a  real  device. 

The  problem  of  choosing  the  parameters  of  an 
injection  system  with  a  spatially  modulated  magnetic 
field  is  also  considered  for  the  collective  particle 
accelerator  at  NRL.  The  energy  injection  threshold 
of  the  particle  is  calculated  for  different  beam 
parameters  and  various  phases  of  the  accelerating 
wave . 

*  This  work  was  supported  by  ON’ft. 

1  H.C.  Chen  and  P.J.  Palmadesso,  Phys.  Fluids  24 
257  (1981) 

~  H.  Uhm,  private  communication 
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A  paper,  published  in  Phys.  Fluids  entitled  "Diocotron 
Instability  of  a  relativistic  coaxial  multi-ring  hollow 
electron  beam"  resulted  from  this  work  and  is  included  in 
this  report  as  Appendix  S. 
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Abstract ■  The  effect  of  adding  a  Ev  magnetic 
component  to  a  solar  wind  already  carrying  a  E, 
magnetic  component  is  studied  using  3-D  MHD  com¬ 
puter  simulations.  It  is  found  that  the  tail 
structure  and  the  Sy  lobe  fields  are  rotated  and 
become  asymmetric.  Ir.  addition  a  Ev  component 
is  generated  in  the  neutral  sheet.  These 
results  are  found  to  correlate  with  observation¬ 
al  data. 

Introduction 

The  need  to  study  the  earth's  magnetosphere 
as  a  three-dimensional  entity  has  been  discus¬ 
sed  by  many  authors,  more  recently  bv  Akasofu  et 
al.,  (1978),  Lui  et  al.,  (1978),  Fairfield 
(1979)  and  Coroniti  et  al.,  (1980).  These 
authors,  to  mention  a  few,  have  presented  con¬ 
siderable  evidence  that  the  two-dimensional 
models  and  pictures  of  the  earth's  magnetosphere 
are  incomplete.  This  is  in  part  due  to  the 
three-dimensional  nature  of  the  solar  wind, 
particularly  to  the  Interplanetary  Magnetic 
Field  (IMF)  carried  by  it. 

Time  dependent  numerical  global  modeling  of 
the  magnetosphere  has  been  carried  out  for 
several  years,  but  only  in  two-dimensions  by 
LeBoeuf  et  al.,  (1978)  and  Lyon  et  al . ,  (1980, 
1981).  LeBoeuf  et  al.,  (1973)  used  a  fluid 
particle  approach  in  their  MHD  modeling  and  were 
able  to  reproduce  a  Dungey  (1961)  type  magneto¬ 
sphere  with  a  very  resistive  algorithm.  Lyon  et 
al.,  (1980),  solving  the  standard  MHD  equations, 
addressed  a  very  dynamical  effect,  shock  focus¬ 
ing;  they  studied  the  effect  of  solar  shocks  on 
the  magnetosphere.  It  was  found  that  solar 
shocks  interacted  with  the  magnetosphere  in  such 
a  way  as  to  focus  the  shock  in  the  tail  region 
at  -15  to  -20  Re.  This  focusing  produced 
increased  temperatures  and  pressures  in  this 
region.  It  was  speculated  in  this  paper,  as 
well  as  In  Brecht  et  al.,  (1980),  that  such 
effects  might  well  trigger  magnetic  substorms. 
Substorm-like  events  triggered  by  southward 
directed  IMF  were  modelled  by  Lyon  et  al., 

(1981).  At  present,  three-dimenaional  global 
MHD  simulations  have  been  undertaken;  Brecht  et 
al.,  (1980a),  Brecht  et  al.,  (1980b),  LeBoeuf 
et  al.,  (1980),  and  Wu  et  al.,  (1980). 

In  this  letter  we  present  the  results  of  a 
three-dimensional  simulation  of  the  magneto¬ 
sphere.  In  this  simulation  the  three- 
dimensionality  of  the  IMF  plays  an  important 
role  in  the  dynamics  and  structure  of  the  magne- 
totall.  What  it  shown  is  the  dynamical  effect 
of  changing  the  IMF  from  Bz  ■  -2y  to  By  ■  -2y 
and  Bv  «  -5y.  This  change  results  in  a  B.  being 
introduced  into  the  plasma  sheet  and  leads  to  a 
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general  rotation  of  tne  tail  lobes  of  tne  magne¬ 
tosphere. 

The  Simulation 

A  new  3-D  MHD  code  was  constructed  tc  perform 
the  calculations  shown.  The  simulation  region 
covered  from  30  Re  to  -100  Re  in  the  earth-sun 
direction  and  ~  30  P.e  in  the  north,  south,  dawn, 
and  dusk  directions  respectively.  The  exact  MHD 
equations  solved  are  as  follows: 


ft  ■  - v-- 

(1) 

bv 

at 

«  -  vVv  -  1/p  v  (P+Q)  +  BxJ/c 

(2) 

|f  -  -  7*Pv  -  (y-1) (P+Q)T*v 

(3) 

If  -  -  cVxE 
ct 

(4) 

where  E  -  -  (vxB)/c  and  J  *  c7xB/4m  -  t—  . 

ot 

The  variables  o,  v,  P,  B,  and  Q  are  the  mass 
density,  velocity,  plasma  pressure,  magnetic 
field  and  artificial  viscosity.  Artificial  vis¬ 
cosity  is  necessary  to  insure  that  the  Rankine- 
Hugoniot  relations  are  satisfied  throughout  the 
code.  It  provides  dissipation  known  to  exist  in 
collisionless  shocks.  These  equations  are 
solved  using  the  partial  donor  cell  method 
(PDM),  Hain  (1978),  with  inflow  boundary  condi¬ 
tions  on  the  +X  boundary  and  outflow  conditions 
on  all  other  boundaries.  The  code  uses  29x2 lx 
21  cells  in  the  x,y  and  z  directions  with  a 
stretched  mesh. 

The  earth's  dipolar  field  is  formed  by 
placing  a  current  loop  in  one  of  the  cells  with 
appropriate  current  strength  to  replicate  the 
earth's  field.  A  solar  wind  is  then  introduced 
into  the  calculations  from  the  +X  boundary, 
which  distorts  the  dipole  field  and  creates  the 
magnetosphere.  This  solar  wind  may  carry  an  IMF 
of  any  strength  and  orientation.  In  the  simula¬ 
tion  discussed  here  the  earth's  magnetosphere 
has  had  a  southward  IMF  (Bz  ■  -  2y)  Interacting 
with  it  for  about  an  hour  in  real  time.  A  By 
component  of  -by  is  then  added  to  the  IMF.  The 
results  shown  here  are  after  this  new  IMF 
(Bz  -  -  2y,  By  •  -  5y)  has  Interacted  with  the 
earth  and  propagated  tailvard  to  about  -70  R^. 
The  solar  wind  velocity  is  400  km/sec  and  its 
density  is  5/cc.  For  this  simulation  we  chose 
to  allow  resistive  reconnection  on  the  bow,  but 
to  prevent  it  is  the  tail  region. 

The  general  features  of  the  calculation  are  a 
bow  shock  at  approximately  10  Re  with  a  density 
jump  of  about  3,  and  s  magnetopause  of  appro¬ 
priate  form  and  shape.  Before  the  IMF  is 
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changed  a  plasma  sheet  exists  from  about 
X  -  -  15  to  -20  Re  and  is  discernible  to  the  end 
cf  the  calculational  grid,  X  ~  -100  Re.  Figure 
!  displays  the  general  orientation  of  tne  magne¬ 
tic  field  in  the  noon-midnight  (j :,t)  plane  for 
this  case.  The  magnetic  field  components  (x.c) 
are  normalized  bv  t.;e  local  total  magnitude  of 
E.  The  B,,  comDonent  is  not  shown,  but  is 
essential!'  zero  everywhere  except  in  the  near 
earth  region.  Tne  B2  field  ir.  tne  equatorial 
region  of  tne  magnetetail  is  or.  crcer  l-, .  Ir. 
Figure  1  tne  magnitude  of  E  is  plotted  ir.  a  y-z 
plane  13  Re  tailwarc  of  the  earth  for  the  case 
vnere  tne  IMF  r.as  onlv  Ez  component.  One  notes 
the  svnme trical  tail  lobe  and  neutral  sneer 
structure. 


Results 

Tne  result  of  adding  the  Ev  component  to  the 
IMF  is  a  rotation  in  the  orientation  and  an 
enhancement  of  the  magnitude  of  the  IMF.  This 
rotated  field  then  interacts  with  the  previously 
formed  magnetosphere.  Merging  occurs  at  the 
nose  between  the  IMF  and  the  magnetospneric 
field.  This  interaction  results  in  the  Bv  com¬ 
ponent  of  magnetosphere  being  enhanced  in’  some 
regions  and  reduced  in  others.  This  produces 
electric  fields  in  the  near  earth  region,  which 
when  applied  in  Faraday's  lav  lead  to  a  rotation 
of  the  magnetic  field  structure. 

Figure  3  shows  the  magnitude  of  B  in  the  same 
y-z  plane  as  Fig.  2  some  time  after  the  Bv  com¬ 
ponent  has  been  introduced  into  the  IMF .  '  The 
applied  rotational  discontinuity  in  the  IMF  has 
by  this  time  propagated  about  70  Re  beyond  the 
earth  for  portions  of  the  solar  wind  only 
slightly  affected  bv  interaction  with  the  magne¬ 
tosphere.  Here  one  sees  a  significant  modifica¬ 
tion  to  the  tail  structure  previously  seen  in 
Figure  2.  The  tail  lobes  and  the  neutral  sheet 
have  been  tilted  with  respect  to  the  equatorial 
plane.  In  addition,  note  that  the  magnitude  of 
B  in  the  plasma  sheet  region  has  been  enhanced. 
More  features  of  this  change  can  be  seen  in 
Figures  4  and  5.  Here  Bx  vs.  Bz  and  Bx  vs.  By 
vectors  are  plotted,  they  have  been  normalized 


_ _ 

l  .  ,  4  *  »  USSSii - - —|—  — .  — 

—  _  . 

.  .  t  w -■  -  —  —  *— 

♦  1  *  i  ///*<»■ 

i  i  *  H  i  »-  ■■  — —  — -  -- 

-  -  - 

-  —  - 

-  - 

; : *  1 1  •  »  •  t 

*  . 

♦  Wf  ■  '  -  ■  ;■  — *  —  — 

-■*  — * 

-  -  - 

A  a  1  i  A  »—  — 

- 

,  _ . 

»  A  *  *  *  A  A  W  b  \  -U— —  — * 

! 

— 

“ ’  “ 

Figure  1.  A  normalized  plot  of  Bx  and  Bz  in  the 
noon-midnight  meridional  plane  .  A 
south  field  Bz  •  -2y  is  being  carried 
by  the  IMF. 


Figure  2.  A  contour  piot  of  the  magnitude  of  E 
in  the  y-z  plane  at  X  -15  F.g.  In 
this  case,  only  a  southward  IMF  is 
interacting  with  the  magnetosphere. 


by  the  local  magnitude  of  B.  One  sees  that  Bv 
is  present  in  the  neutral  sheet  region  and  that 
it  has  a  wave-like  structure  in  this  region. 

This  structure  is  propagating  In  a  tailward 
direction  and  involves  both  the  By  and  Bz  com¬ 
ponents.  The  magnitude  of  Bv  is  approximately’ 
5y,  which  is  the  IMF  value.  "A  further  demon¬ 
stration  of  the  rotation  in  the  tall,  due  to  the 
introduction  of  the  eastward  IMF,  is  seen  by- 
looking  at  the  orientation  of  the  Bj.  field  in 
Figure  5  which  is  plotted  In  the  equatorial 
plane.  One  sees  the  introduction  of  lobe  Ex 
field  in  the  equatorial  plane.  The  appearance 
of  the  lobe  fields  is  due  to  the  general  rota¬ 
tion  of  the  nagnetospheric  tail.  An  additional 
feature  of  this  rotation  is  the  delay  of  the  E^. 
field  penetration  into,  the  central  neutral  sheet 
relative  to  locations  closer  to  the  magneto¬ 
pause.  The  Bv  component  of  the  reconnected 
solar  field  propagates  along  the  magnetopause  at 
magneto-sheath  velocities.  It  is  introduced  to 


Figure  3.  A  contour  blot  of  the  magnitude  of  B 
in  the  x-v  plane  it  X  “  -15  Rt.  In 
this  case,  both  Bz  ■  -2y  and  Bv  » 

-5-y  are  carried  by  the  IMF.  The 
asymmetry  shown  here  becomes  even 
more  pronounced  tailward  of  this 
region. 
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the  neutral  sheet  by  an  MHD  wave  with  a  dif¬ 
ferent  speed,  leading  to  the  delay.  This  effect 
is  exemplified  by  Figure  5,  where  the  effect  of 
adding  Sv  to  the  IMF  can  still  be  seen  propaga¬ 
ting  tailward. 

Discussion 

Although  nanv  of  the  results  from  our 
simulation  are  still  under  study  several  aspects 
seer,  clear  and  appear  to  sned  lignt  on  pre¬ 
viously  published  work.  The  first  is  the  direct 
correspondence  between  the  existence  of  Bv  in 
the  IMF  and  the  appearance  of  Ev  ir.  the  magneto- 
tail,  i.e..  the  lobes  and  olasma  sheet.  This 
correspondence  has  been  noted  bv  Fairfield 
Il9’9)  and  Hardy  et  al.,  (1979)  ir.  studies  cor¬ 
relating  occurrence  of  Bv  in  the  tail  and  the 
IMF.  The  appearance  of  By  in  the  IMF  leads  to 
several  dvnamical  feature's  in  the  magnetotail. 

'.he  most  general  is  the  rotation  of  the  tail 
lobes,  the  results  of  which  are  seen  in  Figure 
3.  This  rotation  or  generation  of  asymmetry  in 
the  lobes  appears  to  be  entirely  consistent 
with  results  reported  by  Hardy  et  al.,  (1979) 
using  experimental  apparatus  on  the  lunar  sur¬ 
face  to  study  tail  lobe  behavior.  They  reported 
that  for  a  negative  y  component  of  the  IMF  the 
probability  of  encountering  the  lobe  plasma  is 
highest  when  the  moon  is  on  the  duskside  of  the 
northern  lobe  and  the  dawnside  of  the  southern 
lobe.  The  opposite  relation  is  found  if  the  y 
component  is  positive.  Another  feature  of  this 
rotation  is  the  appearance  of  the  Bx  field  in 
the  equatorial  plane.  Figure  5.  Such  a  scenario 
was  reported  by  Lui  et  al.,  (1978).  In  this 
work  the  authors  proposed  that  the  observed  re-  - 
versals  in  Bv  orientation  in  conjunction  with 
the  reversal' of  Bx  might  indicate  a  departure 
from  plane  geometry  in  the  neutral  sheet.  While 
our  calculations  do  not  refute  such  an  interpre¬ 
tation,  they  indicate  that  the  plane  may  simply 
be  rotated  to  produce  the  results  reported.  The 
final  feature  noted  in  this  letter  is  the  exis¬ 
tence  of  Bv  in  the  neutral  sheet  in  the  noon- 
midnight  plane  and  its  wave-like  nature.  It  was 


Figure  4.  A  normalized  vector  plot  of  Bx  and  Bz 
in  the  noon-midr.ight  meridional 
plane.  Here  both  Bz  and  By  are  car¬ 
ried  in  the  IMF.  The  existence  of 
By  can  be  seen  by  noting  diminished 
lengths  of  z  vectors. 


Figure  5.  A  normalized  vector  plot  of  Bx  and  By- 
in  the  noon-midnight  equatorial 
plane.  Both  Bz  and  Bv  are  carried  in 
the  IMF.  Note  regions  in  the  neutral 
sheet  where  Bv  dominates  Bz  and  the 
appearance  of' Bv  in  this  plane.  The 
propagation  of  By  to  -70  Rg  in  the 
magnetopause  region  can  be  seen. 


found  that  By  dominated  all  components  in  some 
region  of  the  tail,  see  Figures  4  and  5.  Such 
phenomenon  have  been  previously  reported  by 
Akasofu  et  al . ,  (1978),  Lui  (1979),  and  Coroniti 
et  al.,  (1980).  It  appears  that  the  result  of 
Akasofu  et  al.,  (1978)  which  states  that  Bx  and 
By  in  the  midplane  often  varied  systematically 
is  in  agreement  with  our  result  that  the  Ev  in 
the  tail  is  directly  related  to  the  IMF  and  will 
attempt  to  vary  as  the  IMF  does. 

In  conclusion,  we  have  used  a  3-D  MHD 
simulation  to  examine  the  effect  of  the  IMF  on 
the  earth's  magnetotail  configuration  for  a  very 
simple  scenario.  We  have  found  that  by  adding  a 
By  of  -5\  to  solar  wind  already  carrying  a 
Bz  «  -2y  that  a  rotation  or  asymmetry  was  pro¬ 
duced  in  the  magnetotail  as  well  as  enhancement 
of  the  total  magnitude  of  the  tail  fields. 

These  asymmetries  correlate  well  with  data.  In 
addition,  it  was  found  that  the  neutral  sheet 
was  directly  affected  by  this  rotation  and  that 
a  Bv  component  was  induced  in  it.  This  later 
result  indicates  a  direct  connection  between 
variability  of  the  IMF  and  the  variability  of 
the  field  orientation  in  the  magnetotail.  Fur¬ 
ther  work  is  underway  to  study  other  scenarios 
and  to  understand  and  quantify  the  rather  com¬ 
plicated  plasma  behavior  seen  in  the  calcula¬ 
tions,  but  not  reported,  as  yet. 
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Abstract 


This  paper  presents  the  results  of  3-D  simulation  of  the  earth's 

magnetosphere.  The  simulation  region  is  -  100  Rg  <  X  <  30  Rg, 

I Y  |  <40  Rfi  and  |Z|  <40  Rg  with  solar  wind  parameters  Bz  *  “  2y,  density 
—3  —1 

of  5  cm  and  velocity  of  400  km  sec  •  The  results  show  the  existence 
of  multiple  x-points  in  the  tall.  Strong  plasma  flow  is  seen  to  exist  in 
both  earthward  and  tailward  directions  during  formation  of  neutral 
lines.  The  exact  magnetic  field  and  plasma  behavior  is  found  to  be  very 
position  dependent. 
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Introduction 


Time  dependent  global  simulations  of  the  earth's  magnetosphere  have 
been  performed  for  several  years.  The  purpose  of  such  a  simulation  has 
been  and  still  is  to  obtain  information  concerning  the  general 
topological  structure  of  the  earth's  magnetosphere  and  to  address 
possible  cause  and  effect  relationships  leading  to  dynamic  phenomena  such 
as  magnetic  substorms.  These  large  scale  calculations  can  also  be  used 
as  boundary  condition  calculations  for  investigation  into  the  relevant 
microphysics  chat  produce  small  scale,  but  important  effects.  Finally  it 
is  hoped  that,  as  an  additional  benefit,  large  scale  time  dependent 
simulations  might  provide  further  insight  into  magnetospheric  dynamics, 
so  that  experimental  data  might  be  correlated  with  the  calculation,  and  a 
better  understanding  of  the  earth's  magnetosphere  could  be  reached. 

The  global  simulations  to  be  discussed  below  all  have  one  thing  in 
common.  They  are  time  dependent  solutions  of  the  MHD  equations.  Other 
than  boundary  conditions,  none  of  these  calculations  assumes  a  particular 
structure  for  the  magnetosphere  nor  do  they  have  any  adjustable 
parameters  to  affect  the  structure.  The  number  of  ad  hoc  assumptions  is 
held  to  those  required  for  the  validity  of  the  MHO  equations. 
Customarily  in  a  model,  macroscopic  structure  may  be  manipulated,  e.g. , 
the  magnetopause  boundary  might  be  positioned  at  will.  In  these 
simulations,  only  the  microscopic  structure  -  the  underlying  physics  -  is 
determined.  The  macroscopic  structure  then  either  fits  what  it  is  being 
simulated,  or  it  does  not.  While  questions  of  accuracy  of  solution  are 
always  important,  what  the  simulations  test  is  whether  the  physics 
embodied  in  the  equations  solved  is  adequate  to  explain  the  simulated 
system. 
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Initially  only  two-dimensional  simulations  of  the  magnetosphere  were 
performed;  LeBoeuf  et  al.  (1978),  Lyon  et  al.  (1980,  1981a).  LeBoeuf  et 
al.  (1978)  used  a  fluid  particle  approach  in  the  MHD  modeling  and  were 
able  to  reproduce  a  Dungey  (1961)  type  magnetosphere  using  the  very 

resistive  Lax  algorithm,  Lax  (1954).  Lyon  et  al. .  (1980),  solving  the 
standard  MHD  equations  using  a  combination  of  flux  corrected  transport 
(Boris  and  Book,  1973;  Zalesak,  (1979),  and  partial  donor  cell  method, 
(PDM)  Hain  (1978),  addressed  the  very  dynamic  problem  of,  shock 

focusing.  In  this  work  they  studied  the  effect  of  solar  shocks  on  the 
earth's  magnetosphere.  It  was  found  that  solar  shocks  Interacted  with 
the  magnetosphere  in  such  a  way  as  to  focus  the  shock  in  the  tail  region 
at  -15  to  -20  Rg.  This  focusing  produced  increased  temperature  and 
pressures  in  this  region.  It  was  speculated  in  this  paper,  as  well  as  in 
Brecht  et  al.,  (1980),  that  such  effects  might  well  trigger  magnetic 
substorms.  In  addition,  Lyon  et  al.  (1981a)  studied  the  problem  of 
substorm-like  events  triggered  by  southward  directed  IMF.  For  this 

problem  a  code  was  developed  that  used  a  leap-frog  time-integration 

scheme  and  20c^  order  finite-difference  approximation  to  the  spatial 
derivatives  along  with  a  f lux-convected  transport  algorithm  (Boris  and 
Book,  1973,  Zalesak,  1979)  which  provides  the  minimum  possible  numerical 
dissipation  consistent  with  a  solution  showing  no  extraneous  extrema. 
The  results  of  these  simulations  produced  behavior  in  the  tall  which 
tended  to  support  the  neutral-line  model  for  magnetic  substorms  (Dungey, 
1961;  Hones,  1973,  and  McPherron  et  al,  1973).  Research  is  continuing 
into  the  2-D  modeling,  particularly  with  regard  to  resistive  reconnection 
and  how  it  might  be  affected  by  variations  in  the  solar  wind. 


However,  the  earth's  magnetosphere  is  a  three-dimensional  entity. 
The  need  to  consider  it  as  such  has  been  discussed  by  many  authors,  most 
recently  by  Akasofu  et.  al.  (1978),  Lui  et  al.,  (1978),  Fairfield  (1979), 
and  Coroniti  et  al.  (1980).  These  authors,  to  mention  a  few,  have 
presented  considerable  evidence  that  two-dimensional  models  of  the 
earth's  magnetosphere  are  Incomplete.  This  is  in  part  due  to  the 
variability  and  three-dimensional  nature  of  the  solar  wind,  particularly 
the  Interplanetary  Magnetic  Field  (IMF)  carried  by  the  wind.  Vithin  the 
last  year,  three-dimensional  codes  have  been  constructed  and  the  results 
of  their  initial  work  reported;  (Leboeuf  et  al. ,  1981;  Brecht  et  al. , 
1981,  and  Uu  et  al. ,  1981).  These  three  simulations  considered  three 
somewhat  different  problems.  The  first  calculation  was  by  LeBoeuf  et  al. 
(1981).  In  this  simulation  a  southward  IMF  Interacted  with  a  current 
loop.  The  calculation  used  periodic  bounding  conditions  and  a  particle 
fluid  approach  with  a  Lax  scheme  to  solve  the  MHD  equations.  The 
calculation  was  reported  to  reproduce  a  Ringey  (1961)  like 
magnetosphere.  Unfortunately,  the  scheme  was  so  diffusive  that  close 
inspection  of  the  published  magnetic  field  vector  plots  reveal  no  obvious 
northward  field  such  as  one  expects  to  see  near  the  earth's  dipole 
field.  The  code  also  had  limited  spatial  extent  in  the  y,  z  direction 
causing  the  possibility  of  boundary  effects  to  be  of  concern.  The  strong 
numerical  diffusion  in  addition  to  causing  eradication  of  some,  if  not 
all,  of  the  dipole  field  also  prevents  the  studying  of  any  dynamics  of 
reconnection  regions  in  the  tail. 

Brecht  et  al.  (1981)  studied  the  effects  of  an  east-west  component 
of  the  IMF  being  added  to  a  solar  wind  carrying  a  -2y  southward  field. 
This  calculation  was  fully  three-dimensional  with  no  planes  of  symmetry 
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used.  This  was  necessary  to  allow  for  the  rotation  of  the  IMF.  The  code 
used  in-flow  boundary  conditions  on  the  +  x  boundary  and  out-flow 
conditions  on  all  other  boundaries.  The  numerical  scheme  employed  was  a 
partial  donor  cell  method  (PDM),  Hain  (1978).  PIM  couples  a  low  order 
numerical  scheme  to  a  high  order  scheme  in  a  nonlinear  fashion  in  order 
to  prevent  numerical  oscillations  while  maintaining  good  accuracy  and 
minimum  numerical  diffusion.  The  results  showed  that  a  rotation  of  the 
IMF  toward  an  east-west  direction  rotated  or  skewed  the  entire 
magnetotail  and  produced  an  induced  By  in  the  plasma  sheet  of  vthe  sire 
seen  in  the  solar  wind.  These  results  were  found  to  be  consistent  with 
experimental  data;  Hardy  et  "1.  (1979),  Lui  (1979),  and  in  agreement  with 
an  analytic  calculation  by  Cowley  (1981). 

The  simulation  by  Wu  et  al.  (1981)  addressed  the  case  where  no  IMF 
exists  in  the  solar  wind.  They  used  a  Rusanov  numerical  scheme  to  solve 
the  MHD  equations.  The  calculation  was  performed  on  a  quadrant  of  the 
magnetosphere  meaning  that  both  the  meridional  and  equatorial  planes  were 
planes  of  symmetry.  Because  of  the  symmetry  planes  no  reconnection  can 
occur  due  to  numerical  resistivity.  The  boundary  conditions  required 
out-  flow  at  45°  from  the  x  axis.  The  calculation  reproduced,  apart  from 
the  diffusion  effects  noted  by  the  authors,  many  of  the  major  features  of 
the  magnetosphere. 

In  this  paper  we  present  results  of  refined  simulations  where  we 
consider  the  structure  and  dynamics  of  the  magnetosphere  in  the  presence 
of  a  -  2y  IMF.  The  paper  will  discuss  in  detail  the  calculational  set  up 
and  equations  used  in  the  simulation.  In  addition,  we  present  time 
resolved  results  of  island  formation  in  the  tail  and  attendant  flows  and 
densities.  Finally,  the  conclusions  derived  from  these  simulations  will 
be  presented. 
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Calculation 


As  mentioned  earlier  in  this  paper,  the  code  uses  a  PDM  scheme  for 
solving  the  MHD  equations.  This  scheme  allows  resolution  of  shocks  in  3 
cells  and  therefore  permits  the  use  of  fewer  grid  cells  than  is  necessary 
for  schemes  where  more  numerical  diffusion  is  present,  for  example.  lax 
or  Rusanov.  The  MHD  equations  the  code  solves  are 
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where  E  *  -  (v  x  B)/c  —  nJ  and  J  ■  cVx  B/4ir  -  . 

The  variables  p.v.P.B.n,  and  Q  are  mass  density,  velocity,  plasma 
pressure,  magnetic  field,  resistivity  and  artificial  viscosity. 
Artificial  viscosity  is  necessary  to  insure  that  the  Rankine-Hugoniot 
relations  are  satifled  throughout  the  code.  It  is  only  activated  in  the 
region  of  the  simulation  where  there  is  compressive  flow,  V*\F  <  0.  The 
PDM  algorithm  in  conjunction  with  this  set  of  equations  guarantees  that 
numerically  V*B  »  0  everywhere  in  the  code,  a  critical  feature  to  the 
validity  of  the  simulation  not  automatically  obtained  by  all  schemes. 
The  effect  of  high  Alfven  speeds  in  requiring  unreasonably  short  time 
steps  is  controlled  by  the  3E/dt  term  in  Amperes'  law.  The  inclusion  of 
the  displacement  current  effectively  limits  the  propagation  speed  of  the 
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Alfven  waves  to  the  speed  of  light,  which  can  be  arbitrarily  set  in  the 
code.  The  boundary  conditions  for  this  simulation  are  the  same  as  those 
used  in  our  previous  3-D  paper  [Brecht  et  al.,  1981].  The  +  X  boundary 
has  an  inflow  condition  and  all  other  boundaries  have  an  outflow 
condition* 

The  simulation  presented  in  this  paper  was  performed  on  a  grid  using 

a  stretched  mesh  of  29  x  21  x  21  cells  in  the  x,y  and  z  directions  of  the 

solar-magnetospheric  coordinate  system.  The  spatial  extent  of  the 

numerical  grid  is  -  100  R  <  X  <  30  R  ,  -  40  R  <  Y  <  40  R  and  -  40  R„  < 

Z  <  40  Rg.  The  earth's  dipole  field  is  formed  by  placing  a  current  loop 

atX“Y-Z»0  with  the  appropriate  current  to  replicate  the  earth's 

field.  A  solar  wind  is  then  introduced  into  the  calculation  from  the  +  x 

boundary,  which  distorts  the  dipole  field  and  creates  the 

magnetosphere.  The  solar  wind  may  carry  an  IMF  of  any  strength  and 

orientation.  The  solar  wind  introduced  into  the  calculation  presented 

—1  —3 

here  has  a  velocity  of  400  km  sec  ,  a  density  of  5  cm  and  a  Bz  ■ 

-  2y.  The  grid  was  initially  loaded  with  a  plasma  density  of  1  cm-^. 
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Results 


The  results  presented  here  are  a  3-D  time  evolution  calculation  of 
the  magnetosphere  as  a  southward  (-2y)  IMF  interacts  with  the  earth's 
magnetic  field.  Reconnection  was  permitted  to  occur  in  this 
simulation.  We  had  the  option  of  no  reconnection,  using  real  resistivity 
in  the  equation,  or  permitting  numerical  reconnection.  We  chose  the 
latter  case  for  several  reasons.  Foremost  among  these  is  the  fact  we  did 
not  know  where  to  put  the  resistivity  and  in  what  amount.  Arbitrary 
prescriptions  did  not  appeal  to  us.  Numerical  resistivity  occurs  mainly 
where  opposed  fields  are  being  driven  together  in  a  compressive  fashion 
causing  the  location  of  reconnection  regions  to  be  determined  by  the 
dynamics  of  the  calculation  not  the  predisposition  of  the  author.  At 
this  juncture  of  our  research  we  are  actively  testing  various  ways  to 
model  the  microinstabilities,  Lyon  et  al.  (1981b),  which  are  thought  to 
provide  the  necessary  resistivity  for  the  reconnection  process.  However 
the  present,  the  proper  physics  and  its  implementation  is  not  well 
resolved.  It  should  be  noted  that  for  steady  state  configurations  such 
as  those  used  in  the  research  of  Birn  and  Hones  (1981)  the  PEM  scheme 
will  not  numerically  reconnect.  The  numerical  reconnection  shown  here  is 
purely  a  driven  phenomenon.  One  disadvantage  of  using  numerical 
reconnection  is  that  with  this  code  there  is  no  resistive  heating  of  the 
plasma.  Therefore,  only  the  magnetic  field  and  pressure  forces  caused  by 
the  compressive  flow  will  affect  the  plasma  dynamics.  As  will  be  shown 
in  this  paper  these  terms  alone  provide  rather  impressive  effects  in  the 
earth's  magnetotail. 

The  calculation  begins  with  the  earth's  dipole  field  being  acted 
upon  by  a  solar  wind  of  the  previously  stated  properties  as  well  as 
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the  -  2y  southward  IMF.  A  reconnection  point  forms  in  the  near  earth 
tail  region  approximately  4500  secs  into  the  calculation.  (In  this  paper 
all  times  quoted  are  real  time  and  not  computer  simulation  time).  Ihis 
reconnection  point  begins  to  move  tailward.  Eventually  another 
reconnection  point  occurs  and  a  magnetic  island  forms  and  begins  to  move 
in  tailward  direction.  As  this  island  moves  tailward  another  Island  is 
formed.  The  general  dynamics  of  the  system  is  quite  similar  to  the  2-D 
simulations  reported  by  Lyon  et  al.  (1981a)  and  the  3-D  simulation  by 
Birn  and  Hones  (1981).  One  main  difference  in  the  results  of  the  2-D  and 
3-D  simulations  is  that  for  the  3-D  simulations  strong  earthward  flows 
are  observed  whereas  in  2-D  this  was  not  the  case.  It  was  speculated  by 
Lyon  et  al.  (1981a)  that  the  lack  of  earthward  flow  could  be  due  to  the 
two-dimensionality  of  the  calculation  and  this  appears  to  be  the  case. 

In  figures  1  -5  the  global  temporal  dynamics  of  the  various  plasma 
parameters  are  shown.  Each  set  of  figures  begins  at  7691  sec  (0  min) 
into  the  calculation  and  run  through  11351  secs  (~  65  min>  and  therefore 
cover  slightly  over  one  hour  of  real  time.  The  beginning  time  was 
selected  because  most  of  the  initial  transients  produced  as  the  dipole 
field  was  transformed  into  a  magnetospheric  topology  were  out  of  the 
system.  One  remnant  of  such  a  transient  is  seen  as  a  reversed  field 
structure  in  the  tail  of  the  magnetosphere  in  Fig.  1  at  about  55  Re»  In 
addition  we  have  chosen  two  locations  in  the  magnetotail  at  T  ■  0,  2  ■  0, 
and  X  ~  -  19  R  and  -  32  R.  to  display  plasma  properties  that  a  satellite 
would  detect  during  this  time  frame  (Figs.  6  -  10). 

Fig.  1  is  a  time  sequence  of  magnetic  vector  plots  on  the  x-z 
meridional  plane.  The  vectors  are  normalized  to  the  local  magnitude  of 
B,  so  the  size  of  the  vector  provides  no  indication  as  to  the  strength  of 


Che  magnetic  field*  In  Fig.  la  one  notes  the  existence  of  a  reconnection 
point  at  about  *-68  Rfi  in  the  tail  as  well  as  an  o-point  in  the  -35  Re  to 
-  40  Re  region.  In  the  following  several  snapshots  one  sees  the  Interior 
island  grow  in  the  tailward  direction  and  by  9766  secs  is  beginning  to 
accelerate  tailward.  The  last  timestep  shows  the  formation  of  a  new 
island  with  the  inner  x-point  located  at  approximately  -20  R£  in  tall. 

The  velocities  that  correspond  to  the  creation  and  motion  of  these 
sets  of  neutral  lines  or  o-points  can  be  seen  in  Fig.  2.  Here  we  show 
the  velocities  in  the  equatorial,  x-y  plane.  In  these  plots  the  arrow 
length  indicates  the  magnitude  of  velocity.  The  unit  vector  is  set  to  be 
400  km  sec  the  solar  wind  velocity.  The  general  features  of  the 
magnetosphere  can  be  see  in  Fig.  2a.  The  stagnation  point  in  the  bow  is 
located  at  about  X  *  12  R_,  and  the  magnetopause  can  be  seen  draped 
around  to  the  sides.  In  the  interior  region  of  the  magnetotail  one  notes 
a  demarcation  line  of  very  low  velocities  at  X  ~  -  29  Rfi  corresponding  to 
the  location  of  the  x-point  seen  in  the  magnetic  field  plots  at  the  same 
time.  Earthward  of  this  point  there  is  flow  toward  the  earth.  Tailward 
of  this  point  the  flow  is  predominately  away  from  the  earth.  It  should 
be  noted  that  in  the  meridional  plane  one  sees  these  flow  patterns 
restricted  primarily  to  -  2  <  Z  <  2  R  f.  To  a  large  extent  the 
magnitude  of  the  flow  is  determined  by  the  mass  loading  of  the  magnetic 
field.  The  correspondence  between  high  flow  regions  and  low  densities  is 
quite  high  as  can  be  seen  in  Fig.  2  and  4,  which  show  the  perspective 
plots  of  velocity  and  density  in  the  equatorial  plane. 

As  one  scans  through  the  various  time  steps  shown  in  Fig.  2,  one 
notes  the  velocities  pulsate  within  a  period  of  about  20-30  minutes. 
This  is  noticeable  if  one  considers  the  X - 22  R£  grid  line  shown  in 
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Fig.  2.  As  time  progresses  one  notes  two  obvious  features.  The  first  Is 
that  the  speed  of  the  flows  increases  with  time  as  successive  islands  are 
formed.  This  feature  was  noted  in  the  2-D  simulation  by  Lyon  et  al. 
(1981a).  In  both  calculations  each  succeeding  reconnection  event  reduces 
the  amount  of  mass  on  the  field  lines  and  consequently  the  flow  speed 
becomes  larger.  Fig.  2f  also  shows  the  second  feature,  an  asymmetry  in 
the  flow  pattern.  This  is  a  particularly  Interesting  feature  caused  by 
the  motion  of  the  x-point  at  the  bow  of  the  magnetosphere.  Because  of 
the  large  number  of  timesteps  in  this  calculation  numerical  noise 
permitted  the  reconnection  point  on  the  bow  to  shift  slightly.  Once  this 
occurs  the  continued  flow  begins  to  develop  an  asymmetry  on  the  bow  which 
manifests  itself  as  motion  in  the  tail  and  produced  the  asymmetic  flow, 
much  as  one  might  expect  in  the  real  magnetosphere.  The  density  and 
pressure  are  noted  to  be  asymmetric.  In  this  simulation  the  asymmetry 
existed  in  only  the  dawn  -  dusk  direction.  The  fact  that  the 
reconnection  point  has  become  slightly  asymmetric  may  be  more  realistic 
than  the  usual  perfectly  symmetric  simulation.  It  should  also  be  noted 
that  the  region  of  very  rapid  flow  is  restricted  mainly  to  the  equatorial 
plane,  but  as  can  be  seen  does,  in  fact,  cover  a  large  spatial  region  in 
both  the  x  and  y  directions.  The  flow  speeds  reach  velocities  as  high  as 
650  km  sec~*  in  the  earthward  direction  and  800  km  sec”*  tailward. 

Coincident  with  the  cycling  of  the  island  formation  one  can  see 
considerable  effects  on  the  density  and  pressure  in  the  magnetotail. 
Looking  at  the  density  in  the  meridional  plane  (Fig.  3)  one  sees  two 
important  features.  The  first  is  that,  as  the  successive  neutral  lines 
move  tailward  the  plasma  sheet  thins  tremendously,  and  second  that  the 
plasma  sheet  density  is  considerably  reduced.  In  Fig.  4f  the  density  in 


the  middle  of  the  tall  Is  quite  low,  but  an  enhancement  of  the  density  Is 
occurring  on  the  flanks  of  the  tall*  The  asymmetry  caused  by  the 
shifted  reconnection  point  Is  only  about  10Z  in  density  from  the  dawn 
side  to  the  dusk  side*  Fig*  5  shows  the  pressure  in  the  meridional  plane 
where  one  sees  the  rather  dramatic  sheet  thinning  often  associated  with 
reconnection  events.  Hones  and  Schindler  (1979),  and  Hones  (1979).  In 
Fig.  5a -f  one  notes  the  progressive  thinning  of  the  sheet  as  indicated  by 
the  pressure  dropout  and  a  general  overall  reduction  In  pressure  along 
the  plasma  sheet,  Z  ■  0*  Also,  one  notes  a  slight  recovery  of  the 
pressure  occurring  inside  of  about  X  •  -  20  Rg  and  moving  tallward. 

In  the  next  several  paragraphs  we  discuss  data  taken  from  the  code 
at  two  locations  In  the  magnetotail.  The  time  resolution  of  the  data  is 
approximately  5  min  Intervals.  In  a  sense  this  is  plasma  and  field  data 
as  a  satellite  would  detect  it  during  the  hour  we  have  displayed.  The 
two  locations  are  located  at  Y  ■  0,  Z  *  0,  X  ~  -  19  R£  and  -  32.  Re. 

In  Fig.  6  we  show  the  x  velocity  as  seen  at  the  two  locations 
mentioned  above.  The  Inner  location  sees  an  earthward  flow  which  becomes 
progressively  stronger  with  time.  There  is  a  slight  oscillation  in  the 
velocity,  but  generally  it  is  increasing.  The  maximum  velocity  is 
reached  at  about  55  min.  At  this  time  the  magnetotail  neutral  line  has 
moved  to  beyond  the  X  ~  -32  Rg  location,  Fig.  le.  Shortly  after  this 
time  the  tail  reconnects  and  a  x-point  forms  at  about  X  ~  -22  Re,  as  can 
be  seen  on  the  Bz  field  evolution  In  Fig.  If.  The  creation  of  the  Inward 
neutral  line  corresponds  to  the  rather  precipitous  drop  in  velocity  seen 
at  the  inner  point.  The  outer  location  experiences  an  oscillating 
velocity  of  about  100  km  sec”*.  During  the  outward  stretching  phase  at 
about  55  min  the  tallward  flow  drops  to  about  50  km  sec”*.  Locations 
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slightly  closer  to  the  earth  experience  a  complete  flow  cycle  from 
negative  to  positive  and  back  to  negative  flow.  As  soon  as  the  x-point 
forms  earthward  of  the  observation  point  one  sees  the  tailward  velocity 
go  from  -50  km  sec”*  to  -650  km  sec”*  in  less  than  5  min.  Similar  to  the 
results  of  Lui  (1979)  and  Hones  and  Schindler  (1979),  strong  dawn-dusk 
velocities  are  detected  at  these  two  locations.  The  inner  point 
displayed  primarily  a  duskward  flow  until  the  neutral  line  appeared  at 
-22  Rfi.  At  this  time  the  flow  changed  rapidly  to  -300  km  sec”*  in  the 
dawnward  direction.  The  outer  point  in  the  meantime  displayed  a 
constantly  increasing  duskward  flow  which  peaked  at  -160  km  sec”**  The 
location  of  the  observation  point  with  respect  to  the  neutral  line  seems 
to  determine  which  direction  the  dawn-dusk  flows  go.  Fig.  7.  The  z 
velocity  generally  stayed  under  10  km  sec”*  for  both  locations  and 
oscillated  between  the  positive  and  negative  direction. 

The  Bx  field  was  quite  variable  with  the  inner  point  experiencing 
larger  fields  as  expected.  The  By  field  in  these  simulations  remained 
negligible  thoughout  the  simulation  as  detected  at  these  locations.  In 
Fig.  8,  the  time  evolution  plots  of  the  z  magnetic  fields  are 
displayed.  Here  one  sees  some  very  interesting  behavior.  The  inner 
point  experiences  fairly  large  positive  Bz  components  ranging  from  5  to  8 
gamma.  However,  at  the  time  the  neutral  line  is  estabilished  at  ~  -  22 
Rfi  one  sees  a  precipitous  drop  in  the  Bz  component.  This  is  caused  by 
the  close  proximity  of  the  neutral  line.  The  outer  point  experiences 
more  dynamic  changes  in  Bz«  Initially  the  neutral  line  is  earthward  of 
this  point.  One  can  correlate  the  expansion  of  the  magnetic  island  seen 

in  Fig.  la-c  with  the  general  decrease  of  Bz  from - ly  to  ~  -  1.25y. 

The  Island  then  moves  tailward  and  passes  beyond  the  outer  point  as  shown 


by  the  change  of  Bz  from  ~  -  1.25y  to  ~  1.5y.  As  discussed  earlier  and 

coincident  with  the  rapid  Increase  of  plasma  flow  a  neutral  line  Is 
established  earthward  of  this  point  and  the  B£  changes  from 
~  1.5y  to  ~  -2y  In  about  the  same  5  minute  Interval. 

The  relationship  between  the  pressure,  density  and  Bz  component  of 
the  magnetic  field  is  somewhat  confused.  Figure  9  shows  that  the  two 
locations  in  the  tail  experience  approximately  the  same  pressure 
variation  with  perhaps  a  slight  time  delay.  However,  the  formation  of 
the  new  x-point  causes  the  pressure  behavior  to  change  at  about  65  min. 
At  this  time  both  locations  show  quite  similar  pressure  levels.  The 
inner  location  shows  a  drop  of  a  factor  of  approximately  two  and  the 
outer  point  is  enhanced  by  about  the  same  factor.  In  the  density  plot. 

Fig.  10,  a  build  up  of  density  occurs  at  about  20  min.  Subsequent  to 

this  a  general  decline  in  density  occurs.  The  build  up  is  associated 
with  the  recovery  of  the  plasma  sheet  from  the  passage  of  the  previous 
island  now  located  far  in  the  tail.  Figs,  lc  and  d.  The  decline  in 

density  after  the  20  min  mark  is  associated  with  the  movement  tailward  of 

the  o-point  located  at  X  ~  -  35  Rg,  see  Fig.  Id  and  e,  and  the 

associated  stretching  out  of  the  tail.  However,  as  can  be  seen  the 

density  plots  do  not  display  the  variations  seen  in  the  pressure  plots. 

Comparing  the  pressure  plots,  Fig.  9,  with  magnetic  field  plots. 
Fig.  8,  one  notes  that  the  outer  location  shows  increases  in  pressure 
associated  with  decreases  in  the  magnitude  of  Bz.  This  relationship 
holds  until  about  the  60  min  mark.  By  this  time  an  x-point  has  passed  by 
this  location  and  a  new  one  is  about  to  form  at  X  ~  -  22  Rg.  The 
pressure  is  found  to  increase  by  a  factor  of  about  two.  The  magnitude  of 

the  Bz  field  passes  through  zero  and  ends  up  larger  than  it  has  been 


during  this  whole  data  sequence.  The  inner  point  exhibits  different 
behavior.  For  the  first  20  min  the  pressure  and  the  magnitude  of  Bz 
follow  one  another.  Then  the  pressure  drops  while  Bz  increases.  During 
the  final  30  min  of  data  the  two  quantities  then  follow  one  another 
again.  The  correspondence  of  the  density  to  either  pressure  or  Bz  is 
weak.  Only  the  build  up  of  density  at  20  min  appears  to  effect  the 
variations  seen  in  either  the  pressure  or  Bz. 

These,  then,  are  the  basic  results  from  the  calculation.  In  the 
next  section  we  discuss  implications  of  these  results  and  how  they 
correlate  with  experimentally  obtained  data. 
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Discussion 


While  one  encounters  considerable  difficulty  in  correlating  in  an 
exact  fashion  the  published  experimental  results  with  those  of  a 
numerical  simulation,  the  experimental  results  do  provide  a  guideline  to 
the  kind  of  questions  one  ought  to  ask  concerning  the  numerical 
results.  There  have  been  many  articles  published  reporting  satellite 
data  from  all  areas  of  the  magnetosphere  during  substorm  events* 
However,  for  the  purposes  of  this  discussion  we  have  restricted  ourselves 
to  the  data  reported  from  the  IMP-'>  satellite  by  Hones  and  Schindler 
(1979),  and  Lui  (1979).  It  is  not  our  intention,  nor  within  our 
capability,  to  resolve  differences  between  their  respective  analyses  of 
the  IMP-6  data.  Our  intention  here  is  to  compare  the  reported  data  with 
the  calculation  we  have  performed. 

As  discussed  earlier  we  have,  selected  and  shown  temporal  data  from 
various  locations  in  the  magnetosphere.  The  detailed  data  shown  by  Hones 

and  Schindler  (1979)  are  taken  primarily  in  the  X - 30  Rfi  region,  but 

varies  somewhat  in  the  y  and  z  direction.  Lui  (1979)  displays  detailed 
data  in  the  same  region,  but  shows  not  only  data  at  X  ~  -  30  Re,  but 
X  ~  -  20  Rg  as  well.  In  their  statistical  analysis  the  respective 
authors  Included  data  from  all  positions  in  x,  subject  to  the  various 
criteria  placed  on  the  data  to  determine  its  applicability. 

At  the  risk  of  over-  simplif ication  of  these  authors'  results  one 
can  sum  up  the  major  results  in  the  following  way.  As  a  general  rule  the 
measured  flows  appeared  to  be  field  aligned.  There  appeared  coincident 
with  these  events  a  dawn-dusk  flow  favoring  the  duskward  direction.  Lui 
(1979),  arguing  in  favor  of  the  current  interruption  model  which  we 
cannot  assess  with  this  particular  calculation,  reported  that 


statistically  speaking  there  was  not  a  strong  correlation  between 
negative  Bz  and  tailward  flow.  Hones  and  Schindler  (1979)  found  that  for 
"40  -  50  percent  of  the  events,  no  substorm  effect  on  the  flow  is  seen: 
in  another  40  -  50  percent  there  is  tailward  flow  associated  with  the 
substorms;  and  in  10  -  15  percent  there  is  earthward  flow".  In  addition, 
to  comparing  AE  index  to  plasma  flows,  both  Lui  and  Hones  and  Schindler 
also  correlated  plasma  flow  and  sheet  thinning.  The  respective  authors 
reached  apparently  opposite  conclusions  based  on  their  IMP-6  data  for  the 
relation  between  plasma  sheet  thinning  and  flow  direction  during  a 
substorm. 

Our  calculations  do  not  resolve  the  differences  of  these  authors. 
For  one  thing  it  is  not  clear  that  the  solar  wind  conditions  in  our 
simulation  accurately  represent  the  solar  wind  conditions  that  were 
present  during  the  events  for  which  these  authors  show  data.  As  we  have 
found  earlier,  [Brecht,  et  al.  (1981) J,  inclusion  of  effects  such  as  By 
in  the  solar  wind  makes  considerable  modifications  to  the  magnetotail, 
not  to  mention  the  possible  effects  on  microinstabilities  thought  to 
provide  resistivity  for  tearing.  We  can,  however,  from  our  simulation 
either  add  to  the  confusion  or  provide  some  clarification,  depending  on 
the  reader's  point  of  view. 

It  is  heartening  to  note  that  the  magnitude  of  the  quantities 
displayed  in  Figs.  6-10  are  similar  to  those  found  in  the  magnetotail. 
We  see  in  Fig.  8  variations  and  magnitudes  of  Bz  consistent  with  the  data 
shown  by  lui  (1979),  see  Figs.  14  and  16,  which  correspond  with  our 
selected  observation  data  points.  The  velocities  seen  in  our  calculation 
are  also  consistent  with  those  seen  during  substorm  events*  The 
pressures  also  appear  to  be  consistent  with  the  data  albeit  somewhat 


lower,  possibly  due  Co  the  lack  of  ohmic  heating  expected  to  occur 
because  of  resistivity.  We  do  not,  however,  see  dropouts  of  several 
orders  of  magnitude  in  the  data  at  Y  *  0,  Z  -  0.  Factors  of  five  seem  to 
be  the  most  we  see  directly  in  the  oagnetotail.  However,  consideration 
of  Figs.  3-5  show  that  any  displacement  from  the  central  part  of  the 
plasma  sheet  either  in  y  or  z  can  result  in  considerable  drop  in  either 
pressure  or  density. 

We  have  found  in  this  simulation  that  the  data  one  collects  is 
extremely  dependent  on  location.  Consider  Fig.  2  at  a  position  of  Z  ■  0, 
Y  —  >  6  Rg  and  X  between  -  23  Rfi  and  -  45  Re.  One  notes  that  if  the 
satellite  had  been  located  here  during  the  hour  that  several  x-points 
existed  in  the  tail  virtually  no  flow  modification  would  have  been 
detected.  This  type  of  event  was  reported  by  Hones  and  Schindler  (1979) 
at  Y  «  10.6  Re.  However,  at  Y  <  -  6  Rg  during  this  same  time  one  would 
have  seen  flows  approaching  400  km  sec-1.  At  the  point  X  ■  -  22.8  Re  the 
displacement  in  y  also  changes  the  characteristics  of  the  flow  because  of 
curvature  of  the  neutral  line  itself.  An  additional  feature  of  this 
calculation  is  the  dependence  on  Z  seen  in  terms  of  earthward  and 
tallward  flows.  All  the  flows  shown  here  are  on  the  equatorial  plane,  - 
2  Rg  <  Z  <  2  Rg.  If  one  moves  above  or  below  the  Z  *  0  plane  one  quite 
frequently  finds  flows  of  smaller  magnitude.  These  flows  occurred  in  x 
locations  where  strong  flows  existed  at  Z  ■  0. 

Simultaneous  data  taken  at  the  two  locations  in  the  sheet  show  the 
effects  of  the  x-point  motion.  In  Fig.  8  one  sees  that  the  point  at 

X  -  19  Re  experiences  variations  in  Bz,  which  remains  positive  although 

it  drops  in  magnitude  as  the  x-point  forms  close  to  it.  The  outer  point 
sees  a  reversal  in  Bz  as  the  x-point  passes  this  location  and  then 
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returns  to  negative  as  the  new  x-point  forms  at  ~  22  Rfi.  Looking  at  Fig. 
6  one  sees  that  the  inner  point  detects  earthward  flow  most  of  the  time, 
but  the  outer  point  sees  only  tailward  flow,  although  the  sign  of  Br 
reversed.  As  the  new  x-point  forms  the  tailward  flow  jumps  to  over  -  600 
km  sec-*.  Not  shown  in  these  figures  is  a  point  located  at 

X  ~  -  27  Re.  Here  an  observer  would  not  only  experience  reversal  of  Bz, 
but  also  reversal  of  the  flow  pattern  from  tailward  to  100  km  sec”* 
earthward  back  to  >  700  km  sec-*  tailward.  The  point  to  be  made  i6  that 
during  the  passage  of  the  x-point  the  dynamics  of  the  new  x-point 
formation  caused  the  data  to  be  extraordinarily  sensitive  to  location. 
The  existence  of  dusk-dawn  flows  were  also  found  at  our  two  data 
points.  The  flow  was  duskward  for  most  of  the  simulation,  but  when  the 
new  x-point  formed  the  outer  location  experienced  a  tremendous  change. 
The  flow  went  from  140  km  sec-*  to  -  350  km  sec-*.  The  pressure  shows 
the  type  of  plasma  sheet  dropouts  seen  in  the  data.  However,  one 
interesting  point  should  be  noted.  As  the  neutral  line  approached  the 
inner  point  at  65  min. ,  the  plasma  pressure  dropped  along  with  the  plasma 
flow  speed  and  the  magnitude  of  Bz.  At  the  outer  point  the  opposite 
result  occurred  at  this  time. 

Finally,  as  reported  by  Lui  (1979),  and  Hones  and  Schindler  (1979) 
we  find  that  most  of  the  energetic  flows  appear  to  be  field  aligned. 
These  flows  are  found  to  originate  at  the  neutral  line.  In  fact,  they 
cannot  be  generated  eleswhere  because  n  ■  0  and  only  J  x  B  and  pressure 
forces  are  in  effect.  A  comparison  of  Figs.  1  and  2  illustrates  this 
point.  While  Fig.  1  does  not  display  magnetic  field  lines,  By  is 
typically  an  order  of  magnitude  smaller  than  the  other  components. 

In  short,  within  this  one  simulation  we  find  conditions  and  plasma 


behavior  quite  similar  to  the  various  statistical  features  reported  by 
Hones  and  Schindler  (1979),  and  Lui  (1979).  Whether  or  not  they  would  be 
detected  depended  entirely  on  the  observer's  locations  in  the  magnetotail 
at  the  time  of  the  substorm  like  event. 
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Conclusions  and  Summary: 

The  3-D  time  dependent  simulations  of  the  magnetosphere  presented  in 

this  paper  display  many  of  the  features  commonly  associated  with 

substorms*  It  was  found  that  motion  of  the  x— point  caused  plasma  dropout 

to  occur  in  the  magnetotail.  The  flows  seen  in  this  calculation  appeared 

to  be  oriented  in  a  field  aligned  direction.  The  speed  of  flow  was 

inversely  related  to  the  plasma  density  on  the  field  line.  As  the 

simulation  progressed  the  density  declined  in  the  tail  and  the  flow 

speeds  increased.  The  magnitude  of  these  flows  and  of  other  plasma  and 

magnetic  parameters  appears  consistent  with  satellite  data  during 

substorm  periods.  However,  until  the  mass  on  the  field  lines  is  removed, 

the  reconnection  events  do  not  produce  behavior  that  corresponds  to  the 

usual  picture  of  substorms.  This  fact  is  reasonable  because  the  local 

Alfven  speed  is  a  good  estimate  for  the  maximum  velocities  produced  by 

reconnection.  For  plasma  parameters  typically  found  in  the 

-3 

tail,  B  ~  20  y  and  n  ~  1  cm  the  Alfven  speed  Is  400  km/sec.  In  the 
neutral  sheet  the  Alfven  speed  drops  to  40  km/sec.  Therefore,  In  order 
to  have  large  scale  accelerations  one  needs  plasma-dropout  to  achieve  the 
500  -  1000  km  sec  ^  speeds  reported  for  substorms.  Thus,  if  the  neutral 
line  model  for  substorms  is  correct,  our  results  Indicate  that 
reconnection  is  a  necessary,  but  not  sufficient  condition  for  substorm 
formation. 

The  simulation  exhibited  the  tendency  for  multiple  x-polnts  or 
neutral  lines  in  the  tail.  This  result  is  consistent  with  Lyon  et.  al. , 
(1981).  The  inner  x-point  for  the  time  segment  shown  here  tended  to 
remain  at  X  ~  -  27  Rg  in  the  tail  until  the  o-point  grew  sufficiently. 
It  then  began  to  move  tailward,  stretching  the  tail.  At  this  point  in 
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time  a  new  x-point  was  seen  to  form  at  X  ~  -  20  Re.  An  interesting 
aspect  of  the  simulation  was  the  temporal  behavior  at  various  locations 
in  the  tall.  IXie  to  the  multiple  x-point  formation  and  the  asymmetric 
flow  caused  by  the  x-point  shift  on  the  bow,  it  was  found  that  almost  all 
of  the  various  categories  of  events  reported  by  Lui  (1979),  and  Hones  and 
Schindler  (1979)  could  be  observed  in  this  one  simulation.  The  location 
that  remained  earthward  of  x-points  experienced  no  field  reversal  nor  a 
flow  reversal  in  vx  as  the  various  x-points  were  formed  and  moved 

tailward.  Points  shifted  in  y  from  Y  *  0  often  displayed  no  modification 
to  plasma  flow  during  these  events.  Yet  as  the  flow  moved  toward  the 
dawn  side  due  to  the  shift  in  the  bow  reconnection  point  one  found  that 
at  Y  <■*-  6.7  flows  were  detected  to  coincide  with  the  formation  of  the 
x-point  while  at  Y  >  6.7  Rfi  no  effects  were  detected.  Observation  points 
were  found  in  the  tail  at  Y  ■  0,  Z  -  0,  X  ■  -  27  Rfi  and  -  32,  Re  which 
showed  field  reversal  from  negative  Bz  to  positive  Bz  and  a  return  to 
negative  as  a  neutral  line  passed  these  locations  and  a  new  one  was 
formed  closer  to  the  earth.  These  points  experienced  different  flow 

behavior  with  the  reversal  of  Bz«  The  point  located  at  X  -  -  27  Rfi 
experienced  reversals  in  the  vx  direction  consistent  with  the  neutral 
point  being  either  earthward  or  tailward  of  that  point.  The  point  at  X  ■ 
-  32  Re  did  not  experience  reversal  of  vx,  but  only  saw  a  reduction  of 
the  tailward  flow.  This  lack  of  the  flow  reversal  can  probably  be 

attributed  to  the  formation  of  the  x-point  at  X  ~  -  20  Rg  within  five 

minutes  of  the  previous  neutral  line  passage. 

Finally,  the  various  statistical  categories  used  by  Hones  and 
Schindler  (1979)  and  Lui  (1979)  to  categorize  plasma  and  magnetic 
behavior  during  the  many  substorm  events  experienced  by  IMP-6  appear  to 
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be  found  In  this  one  simulation.  This  leads  one  to  the  not  so  profound 
conclusion  that,  because  of  the  complicated  magnetotail  behavior,  spatial 
and  temporal  variations  allow  one  to  sample  a  full  range  of  dynamic 
behavior  determined  primarily  by  the  location  of  the  observer. 
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Figure  Captions 


Figure  1  Time  evolution  of  the  Bx  and  Bz  magnetic  field  components 
plotted  in  the  meridional  (noon-midnight)  plane.  For  purposes  of 
discussion  7698  sec  and  11351  secs  correspondes  to  0  min. 
and  ~  65  min  respectively.  The  length  of  the  vector  drawn  provides 
no  Information  about  the  magnitude  of  the  fields.  All  distances  are 
measured  In  earth  radii. 

Figure  2  Time  evolution  of  and  Vy  velocities  in  the  equatorial 
plane.  The  unit  vector  is  400  km  sec-*  which  is  the  solar  wind 
velocity. 

Figure  3  Perspective  plots  of  density  in  the  meridional  plane.  Units 
for  the  density  scale  are  in  particles  cm  .  The  rather  jagged 
appearance  of  the  bow  shock  is  due  to  the  perspective  plotter,  not 
data.  This  is  true  for  all  perspective  plots  shown. 

Figure  4  Perspective  plots  of  density  in  the  equatorial  plane. 

Figure  5  Perspective  plots  of  pressure  in  the  meridional  plane. -  Units 

_3 

for  the  pressure  scale  are  ergs  cm  • 

Figure  6  Temporal  variations  of  as  seen  at  the  locations  X  “  -  19  Re, 
Y  -  0,  Z  ■  0  denoted  by  squares  and  X  ■  -  32  Re,  Y  ■  0,  Z  «  0  denoted 
by  triangles. 
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Figure  7  Temporal  variations  of  Vy  as  seen  fay  the  two  tailward 

locations.  Squares  indicate  X  ■  -  19  Rg  and  triangles  X  -  -  32  R#. 

Figure  8  Temporal  variations  of  Bz  as  seen  by  the  two  tailward 

location.  Squares  indicate  X  ■  -  32  R  and  triangles  X  «*  -  32  R . 

6  C 

Figure  9  Pressure  as  a  function  of  time  for  the  location  X  ■  -  19  Rg 
(squares)  and  X  ■  -  32  Rg  (triangles). 

Figure  10  Density  as  a  function  of  time  for  the  locations  X  ■  -  19  Re 
(squares)  and  X  “  -  32  Re  (triangles). 
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Reversed  Field  Plasmas 
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Abstract 

The  lower-hybrid-drift  instability  is  Investigated  in  non¬ 
antiparallel  reversed  field  plasmas,  i.e.,  the  magnetic  fields  on 
either  side  of  a  neutral  line  are  not  anti-parallel.  Such  a 
magnetic  field  configuration  contains  magnetic  shear  which  has  a 
stabilizing  influence  on  the  lower-hybrid-drift  instability.  It 
is  found  that  magnetic  shear  has  an  inhibiting  effect  on  the 
linear  penetration  of  the  lower-hybrid-drift  mode  toward  the 
neutral  line.  The  implications  of  this  result  to  reconnection 
processes  in  the  magnetosphere  (i.e.,  the  nose  and  the 
magnetotail)  are  discussed. 
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INTRODUCTION 


An  important  set  of  problems  in  plasma  physics  consists  of 
understanding  the  physical  processes  which  can  occur  in  reversed 
field  plasmas.  For  example,  how  can  magnetic  field  energy  be 
rapidly  converted  into  particle  energy?  Row  does  the  topology  of 
the  magnetic  field  change?  Under  what  conditions  can  topological 
changes  occur?  An  enormous  amount  of  work  has  been  devoted  to 
these  (and  related)  questions  over  the  past  20  years.  Generally 
speaking,  this  research  has  been  focused  on  the  investigation  of 
magnetic  field  reconnection  processes.  Some  particular  topics  of 
Interest  have  been  field  line  annihilation  (e.g.,  ID  Sweet-Parker 
models);  forced  reconnection  (e.g.,  2D  Fetschek  model);  and 
tearing  instabilities.  In  an  astrophysical  context,  this 
research  has  been  relevant  to  a  variety  of  space  phenomena  such 
as  solar  flares.  Interplanetary  D  sheets  and  geomagnetic 
subtorms . 

One  process  which  can  be  Important  in  reconnection  physics 
is  plasma  microturbulence .  In  general,  plasma  microlnstabllltles 
can  often  produce  anomalous  transport  of  particles,  momentum  and 
energy.  This  can  be  critical  to  a  reconnection  process, 
especially  in  the  null  region  (B  *  0),  since  it  allows  the  plasma 
to  "decouple"  from  the  magnetic  field.  Moreover,  anomalous 
transport  effects  can  greatly  enhance  the  rate  of  energy 
conversion  from  the  magnetic  field  to  the  plasma.  A  variety  of 
microlnstabllltles  which  can  lead  to  fine  scaled  turbulence  have 
been  analyzed  to  determine  their  relevance  to  reconnection  (see 
Papadopoulos  (1979)  for  a  review).  However,  a  drawback  of  many 
of  these  analyses  is  the  assumption  of  a  one-dimensional  magnetic 
field  (l.e.,  B  ■»  ®z(x)e2);  an  assumption  not  usually  justified 
in  space  plasmas.  Other  components  of  the  magnetic  field  lead  to 
the  following  effects.  First,  a  component  of  B  normal  to  the 
neutral  line  (i.e.,  ■  Bx  e^  +  *2)  introduces  field  line 

curvature .  This  effect,  which  is  generally  Incorporated  in 
microinstability  theories  via  an  artificial  gravity,  leads  to 
additional  particle  drifts  and  can  be  either  a  stabilizing  or 


destabilizing  influence  depending  upon  the  plasma  conditions. 
Secondly,  a  component  of  B  parallel  to  the  current  (i.e., 

A  A 

B  -  B  e  +  B  e)  introduces  magnetic  shear.  Physically,  this 
—  y  y  z  z  ■  *■ 

corresponds  to  the  situation  where  the  magnetic  fields  on  either 
side  of  the  neutral  line  are  not  anti-parallel.  Magnetic  shear 
leads  to  the  coupling  of  cross-field  modes  to  parallel 
propagating  modes  and  to  Landau  resonances  of  particles  and 
waves.  Magnetic  shear  is  generally  a  stabilizing  influence  on 
Instabilities.  Since  the  magnetic  shear  Induced  Landau 
resonances  and  parallel  mode  couplings  are  strongly  dependent  on 
spatial  position,  the  analysis  of  this  effect  requires  a  nonlocal 
theory.  In  contrast,  the  magnetic  curvature  induced  particle 
drifts  are  not  strongly  dependent  on  spatial  position  and  can  be 
accurately  analyzed  with  a  local  theory. 

In  this  paper  we  analyze  the  effect  of  magnetic  shear  on  the 
lower-hybrid-drift  instability  and  discuss  some  of  the 
implications  of  magnetic  shear  as  it  regards  the  dynamics  of 
reversed  field  plasmas  in  the  magnetosphere.  We  choose  the 
lower-hybrid-drift  instability  since  it  is  the  most  likely 
Instability  to  be  excited  in  reversed  field  space  plasmas  of 
Interest  (i.e.,  the  earth's  magnetopause  and  magnetotail  (Huba  et 
al . ,  1978;  Gary  and  Eastman,  1979)).  Moreover,  the  anomalous 
transport  properties  associated  with  this  Instability  can  be 
Important  to  reconnection  processes  (Huba  et  al . ,  1977;  Drake  et 
al.,  1981;  Huba  et  al.,  1980).  We  focus  here  on  the  effect  of 
magnetic  shear  on  the  lower-hybrid-drift  Instability  since  It  has 
been  shown  to  have  a  strong  stabilizing  effect  on  this  mode 
(Krall,  1978).  We  will  not  consider  the  effect  of  field  line 
curvature  since  it  has  a  much  weaker  influence  on  the  instability 
(Krall  and  McBride,  1977;  Rajal  and  Gary,  1981). 

The  scheme  of  the  paper  is  as  follows.  In  Section  II  we 
present  a  general  discussion  of  the  lower-hybrid-drift 
instability  and  the  effect  of  magnetic  shear  on  it;  showing  the 
stabilizing  influence  of  shear.  We  also  apply  these  results  to  a 
particular  sheared,  reversed  magnetic  field  configuration.  In 
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Section  III  we  discuss  the  implications  of  these  results 
reconnection  processes  in  the  earth's  magnetosphere. 


II.  THEORY 


A.  Assumptions  and  Plasma  Configuration 

The  plasma  configuration  and  slab  geometry  we  consider  is 
described  as  follows.  The  ambient  magnetic  field  is  in  the  y-z 

A  A 

plane  (R  ■  Be  +  Be)  and  is  only  a  function  of  x.  The  density 
y  y  z  z 

is  also  a  function  of  x  but  we  take  the  ion  temperature  to  be 
finite  and  constant.  We  take  Tg  <<  T^  which  is  typical  of  the 
magnetopause  and  magnetotail.  Equilibrium  force  balance  on  an 
ion  fluid  element  in  the  x  direction  requires  Viy  -  Vdi  where 
”  (v^2/21l^)3  in  n/3x  is  the  ion  diamagnetic  drift  velocity. 

Here,  -  (2Ti/m1)  is  the  ion  thermal  velocity 

and  *  eBo^mic  is  the  ion  Larmor  frequency.  We  can  relate  the 

ion  diamagnetic  velocity  to  the  mean  ion  Larmor  radius  and  scale 

length  of  the  density  gradient  by  V.,/v.  ■  r_./2L  where 

I  di  i  Li  n 

r  *■  v./fi,  and  L  *  ( 3  £n  n/3x)  .  The  electrons  are  assumed  to 

1>1  11  n 

be  magnetized,  while  the  ions  are  treated  as  unmagnetized.  This 
is  reasonable  since.  In  treating  the  lower-hybrid-drift 

instability,  we  are  considering  waves  such  that  8.  <<  w  <<  0 

2  2  1  e 
and  k  r^  <<  1.  Also,  we  consider  the  coupling  of  electrostatic 

and  electromagnetic  oscillations  which  is  important  in 

finite  B  plasmas.  We  assume  that  the  plasma  is  weakly 

2  2 

Inhomogeneous  in  the  sense  that  r.  (3  In  n/3x)  <<  1  Finally,  we 

JLrG 

assume  that  the  local  equilibrium  magnetic  field  is 


B(x)  -  B  Hi  +  (x-x  )  /  L  1 

^  O  On 


B  ' * z  +  (x"xo)/Ls  V 


(1) 


in  the  vicinity  of 

x  ■  x  (l.e.,  (x-x  )/L  <<  1  and  (x-x  )/L_  <<  1) 

O  8  ^ «  O 

where  L  ■  (3®/3x)  and  $  **  tan  (B  / B  ).  Thus,  L  and  L_ 
s  y  z  s  B 

are  the  scale  lengths  characterizing  the  magnetic  shear  and  the 

magnetic  field  gradient,  respectively.  We  note  from  Eq.  (1)  that 

an  ambient  parallel  current,  J  ,  is  needed  to  produce  the 

z 

variation  of  B^  in  the  x-dlrection  (l.e.,  the  magnetic  shear). 

For  the  lower-hybrid-drift  instability,  e  parallel  current  has  a 
negligible  effect  on  the  mode  unless  >  vg ,  where  is  the 
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iid 


J 


relative  parallel  velocity  of  ions  and  electrons,  and  is  the 
electron  thermal  velocity.  Since  this  is  not  usually  the  case  at 
the  magnetopause  (Lee  and  Kan,  1980)  or  the  magnetotail  (Frank  et 
al.,  1979)  ve  can  neglect  J in  the  analysis. 

If,  for  the  moment,  we  consider  B  ■  B  e  ,  then  the  plasma 

—  o  z 

configuration  just  described  is  unstable  to  the  kinetic  lower- 

1/4 

hybrid-drift  instability  when  1  >  V,./v,  >  (m  /m, )  (Davidson 

ci  i  ei 

et  al.,  1977).  The  instability  is  driven  by  the  cross-field 

current  and  is  excited  via  an  ion-wave  resonance  (i.e..  Inverse 

Landau  damping).  The  waves  are  characterized  at  maximum  growth 

by  u  -  k  V  <  0)  .  ,  y  <  to  ,  k  p  =1  and  -k*B  ■■  0  where 
r  y  u  l  Xr  u  tc  yes  ° —  — 

P  ■  (T./m  )  /fi  .  For  modes  such  that  k*B  *  0 
es  lee  —  — 

(i.e.,  k(  *  0),  parallel  mode  coupling  or  electron  Landau  damping 
reduces  their  growth  rate  or  stabilizes  them,  depending  on  the 

A  A 

magnitude  of  k.  and  T  /T. .  We  now  let  B  -  B  (x)e  +  B  e  as  in 
I  ei  —  y  y  z  z 

Eq.  (1),  which  introduces  magnetic  shear  as  shown  in  Fig.  1.  The 

magnetic  field  rotates  in  the  y-z  plane  as  a  function  of  x  so 

that  k(  is  also  a  function  of  x.  At  x  -  xQ  we  note  that 

k  j  *  0  (lc*B^  *  0)  but  at  x  -  x^,  (k(  *  0).  Thus  the  dispersive 

properties  of  the  plasma  are  also  a  function  of  x  (e.g.,  electron 

Landau  damping  and  parallel  mode  coupling  can  occur  at 

x,  but  not  at  x  ).  Making  use  of  Eq .  (1),  we  use  the 
i  o 

prescription  k  (x)  *  k  +  k  (x-x  )/L  to  Incorporate  magnetic 
r  z  zoyo  s  r  B 

shear  into  the  analysis  where  we  choose  k  »  k  (x*x  )  »  0. 

zoz  o 


B.  Dispersion  equation 

Within  the  context  of  the  assumptions  outlined  in  the 
previous  subsection,  the  equation  which  describes  the  lower- 
hybrid-drift  instability  in  a  sheared  magnetic  field  is  given  by 
[Davidson  et  al.,  19781 


where 


A  -  +  [b  -  C(x-x  )2]$  *  0 

3x2 


k  2  k2v  2 


[kZp^Z  -  Z"(Ci)] 


k  2  Vj  2 


{1  +  k2p  2(!  +  -2JL- 
GS  c2k2 


k  V,4 
v  di 


(i  +  -4 ) 


+  z(c±)  +  iif  y 


s  expC-s  )A  2] 
e  K  e  o  ' 


VCr>  "  kT 


(i  +~fr  ) 

c2k2 

T  1/2 

^  Jl^r> 


and  (i)  . 2  *  4Trne2/m.  ,  v  2  t=  2T.  /m.  ,  p2  «  T./ra,D  2 
pi  li  liesiie 

V  **  (v. 2  /  .  )  3  An  n/3x  ,  C.  ■  (w-k  V  )/kv  ,  B  *  8xnT  /B2, 

cii  xi  i  yaiii  i 

C  ■  kr  s  and  s  =  (to  /k  V  )  (2/B  )(T  /T  ).  In  writing  Eqs. 

r  Le  e  e  rydi  lie 

(2)-(5)  we  have  also  assumed  2u  2/ k2v  2  >>  i, 

pi  1 

to  2  >>  q  2  and  B  >>  j  to/k.v  >>  1  and  k2r2  <<  1. 

pe  e  e  I  e  Le 

The  influence  of  magnetic  shear  retained  in  Eqs.  (2)-(5)  is 

the  coupling  of  the  perpendicular  and  parallel  propagating 

nodes.  The  influence  of  electron  Landau  damping  has  been 

neglected  since  the  localization  of  the  mode  due  to  shear  is  such 

that  to/k.v  >>  1  or  Ax  <<  L  (to/k  v  )  (to  be  shown  a  posteriori). 

«  e  s  y  e 

The  finite  B  corrections  included  in  F.q .  (2)  are  as 
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follows.  First,  the  coupling  of  electromagnetic  and 

electrostatic  perturbations  arisea  from  terms  proportional  to 

w  2/ c2k2.  The  B  dependence  can  be  seen  by  noting  that 

k^p  2(<o  2/c2k2)  »  B./2  (albeit  somewhat  artificial).  Second, 

es  pe  l 

nonresonant  electron  VB  effects  are  contained  in  the  term 
proportional  to  B^^  (k^  /u) .  This  is  a  fluid-llke  response  of 

the  electrons  to  the  inhomogeneous  magnetic  field  (l.e.,  in 

Rq.  (1)).  Finally,  resonant  electron  7B  effectc  are  contained  In 
the  final  term  in  Eq .  (4).  The  resonance  is  given  by 
sfi  -  o»r /ky VBe  where  VBe  "  (vg2/2Qe)3  2n  B/3*  and 
Lg  *  (3  in  B/3x)  *.  Equations  (3)-(5)  are  similar  to  those 
derived  by  Davidson  et  al.  (1977)  but,  in  addition,  contain 
electron  resonance  terms  (Hubs  and  Wu,  1977;  Davidson  et  al. , 
(1978)). 

Equation  (2)  is  in  the  form  of  Weber's  equation  and  the 
elgenf requency  Is  defined  by 

B  -  (2m  +  1)  (AC)  1/2  (6) 


where  m  is  the  mode  number  (i.e.,  m  -  0,  1,  2,  ...).  The  branch 
is  chosen  according  to  the  outgoing  energy  prescription  of 
Pearlsteln  and  Berk  (1969).  The  associated  eigenfunction  is 


4»  “  H  (ax)exp  [-a2x2/2] 

o  m 


(7) 


1  /  4 

where  a  -  (C/A)  and  R  is  the  Hermite 

ID 

m.  In  general,  a  numerical  analysis  is 
(using  Eqs •  (3)-(5)).  However,  we  first 
to  obtain  an  analytical  solution  to  Eq . 


polynorainal  or  order 
required  to  solve  Eq.  (6) 
consider  a  limiting  case 
(6). 


We  consider  the  low  B  ,  weak  drift  limit  (i.e., 

^di  <<  Vj,  Bj  <<  1).  The  Z  function  can  be  approximated  by 
Z(Cj)  *  i/w.  The  dispersion  equation  (Eq.  (6))  is  then 


D(w,k)  -  1  +  k2peg2 - 


u-k  V.. 

+  ‘I*  H&44) 


(8) 


C-10 


kvi  ^ 


72u 


Pi 


%T  IT1  (2n  +  1}  +  *  T1  seexp(-se)Ao2} 


A 

where  p2  «*  p2  /(I  +  8,/2).  The  first  imaginary  term  is  a 
es  es  I 

destabilizing  term  due  to  inverse  ion  Landau  damping.  The  second 
imaginary  term  is  the  stabilizing  effect  of  magnetic  shear.  It's 
origin  in  the  analysis  is  a  term  *  (kj/w)2  in  the  magnetized 
electron  response.  Physically,  magnetic  shear  leads  to 
stabilization  since  it  allows  wave  energy  to  propagate  away  from 
the  excitation  region  (i.e.,  where  k(  -  0).  The  final  term  is  a 
damping  term  due  to  the  electron  VB  drift-wave  resonance. 


The  real  frequency  is  given  by 


u 

r 


kyVai/(l  + 


C9> 


where  shear  corrections  to  (■>  have  been  neglected.  The  mode  is 

r  6 

stabilized  when  ImD(w,k)  =  0  or 


cr 


V  IT 

l+k2p2 

es 


(1  + 


4k2p2 

es 


k2p  2 
es 

1+k2pes 


+ 

(10) 


/  x 


T 

e 


s  exp(-s 
e  e 


nl  ). 


Here,  we  have  taken  m  ■  0  and  the  subscript  refers  to  the 

critical  value  of  L  /L  .  The  maximum  value  of  the  RHS  of  Eq. 

.ns 

(10)  occurs  for  k2p2  *  k2p2  ■  1  so  that  all  wavenumbers  are 

es  es 

stable  when 


(r11  ) 


_  iL  [  i  +  li  )  r  Zi* 

4  1  1  4  >  l  V. 

cr  i 


+  2/x  —  seexp(-se)Aj  ) 


(ID 


and  8  _  -  1 /  B  . 
e  e 

Two  interesting  points  concerning  Eqs.  (10)  and  (11)  are  the 
following.  First,  the  finite  dependence  in  the  first  term  of 
Eqs.  (10)  and  (11)  arise  from  the  electromagnetic  correction  due 
to  6A(  (i.e.,  the  transverse  magnetic  field  fluctuations).  The 
influence  of  this  correction  is  to  increase  the  amount  of  shear 
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necessary  to  stabilize  the  mode  (Davidson  et  al.,  1978).  That 

Is,  as  8,  increases  then  the  shear  length  L  necessary  for 
i  s 

stabilization  decreases  so  that  the  mode  is  harder  to 
stabilize.  Physically,  this  occurs  because  the  fluctuating 
electric  field  associated  with  6A (  inhibits  free  streaming 
electron  flow  along  the  magnetic  field  which  reduces  the  rate  at 
which  energy  can  be  convected  away  from  the  localization  region 
(Pearlstein  and  Berk,  1969).  Secondly,  the  final  term  in  Eq. 

(11)  represents  the  resonant  VB  correction  which  is  a  damping 
effect.  This  term  tends  to  decrease  the  amount  of  shear 
necessary  to  stabilize  the  mode.  Thus,  the  finite  6  corrections 
have  different  Influences  on  the  shear  stabilization  criterion. 
Loosely  speaking,  electromagnetic  effects  are  destabilizing 
(l.e.,  a  stronger  shear  is  needed  to  stabilize  the  mode  from  the 
8-0  situation)  while  the  resonant  VB  effects  are  stabilizing 
(i.e.,  a  weaker  shear  is  needed  to  stabilize  the  mode  from 
the  8*0  situation). 

We  now  relax  the  weak  drift  assumption  and  solve  Eq.  (6) 

numerically  for  the  critical  value  of  shear  necessary  to 

stabilize  the  instability  as  a  function  of  drift  velocity.  The 

parameters  chosen  are  w  /fi  ■  10.0,  T  /T,  -  0.1  and  m  *  0 

pe  e  el 

for  B  "  0.1  and  8  ■  0.2.  The  growth  rate  Y  is  maximized  with 

respect  to  kp  for  each  value  of  V.,/v,  and  (L  /L  )  is  the 
es  dl  1  n  s  cr 

value  of  shear  for  which  y  “  0.  For 

L  / L  >  <L  /L  )  (L  /L  <  (L/L))  the  mode  is  stable 
ns  ns  cr  ns  ns  cr 

(unstable)  as  shown.  The  Influence  of  finite  8  effects  is 

illustrated  by  comparing  the  8  -  2.0  curves  to  the  8  ■  0. 1 

curve.  First,  note  that  (L  /L  )  ■  2.0)  >  (L  /L  )(8  -  0.1)  so 

n  8  ns 

that  a  stronger  amount  of  shear  i3  sssary  to  stabilize  the 

mode  as  8  increases.  This  is  caused  by  the  finite  8  coupling  to 
electromagnetic  modes.  Second,  the  dashed  8  “  2.0  curve 
corresponds  to  the  situation  where  electron  VB  drift-wave 
resonances  have  been  neglected  (Eq.  (6)  with  Cft  ♦  •).  Since 
this  curve  lies  above  the  8  ■  2.0  solid  curve,  the  damping 
effect  of  the  electron  resonances  is  apparent.  For  a 
sufficiently  large  8,  the  amount  of  shear  to  stabilize  the 


instability  will  be  less  that  that  needed  to  stabilize  the  mode 
in  a  low  6  plasma* 


C.  Application  to  Reversed  Field  Plasmas 

In  order  to  apply  these  results  to  a  reversed  field  plasma, 
we  consider  the  following  magnetic  field  profile 

B  -  Bo(sin  j  ey  +  cos  y  tanh  ~  ez)  (12) 

Equation  (12)  describes  reversed  field  plasma  (i.e.,  the  z- 
conponent  reverses  direction  at  x  *  0)  with  the  field  undergoing 
a  total  directional  change  ir  +  0  in  the  y-z  plane.  Thus,  the 
standard  one-dimensional  Harris  profile  is  recovered  (i.e.,  anti¬ 
parallel  field)  with  a  discontinuous  rotation  at  x  »0  if  8  ■  0. 

On  the  other  hand,  for  9*0  the  field  continuously  rotates  in 
the  y-z  plane  and  remains  finite  everywhere.  This  profile  (Eq. 
(12))  is  a  rough  approximation  to  the  magnetic  field  of  the  nose 
of  the  magnetosphere  of  the  earth.  It  also  approximates  the 
distant  geomagnetic  tail  when  no  normal  field  component  is 
present . 

We  plot  En/hs  vs.  x/X  for  several  values 
of  0  (0  -  5°,  10°,  15°,  20°,  25°,  30°,  45°)  in  Figure  3.  We 
note  that  L  /L  varies  2-3  orders  of  magnitude  over  the  range  of 

u  3 

x/X  as  shown.  Also,  as  9  Increases  so  does  L  /L  ,  as 

n  8 

anticipated.  In  the  region  x/X  <  0.25,  the  shear  is  strong 

(i.e.,  L  i  L  )  and  the  theory  discussed  in  this  paper  is  not 
s  n 

adequate.  Thus,  we  restrict  our  attention  to  regions  such 
that  >  Lg .  Also,  0  is  plotted  as  a  function  of 
x/X  for  0-0°  and  45°.  This  curve  Indicates  the  range  in  values 
of  6  as  9  changes  from  0°  to  45°. 

We  combine  the  results  of  Figs.  2  and  3  in  Fig.  4  which 

plots  0  vs.  x  /X  for  two  values  of  V.. /v, ( V  /v,  -  0.25  and  1.00 
p  ni  l  ni  i 

which  correspond  to  X/r^j  ”  4.0  and  1.0,  respectively). 

Here  x  /X  represents  the  linear  penetration  distance  of  the 

p  - 

lower-hybrid-drift  instability.  That  is,  we  expect  the  modes  to 

he  linearly  stahle  for  x  <  x  because  of  shear  stabilization. 

P 

This  figure  is  based  on  the  assumption  that  the  mode  is 
sufficiently  localized  so  that  the  x  variation  of  the  ambient 


profiles  can  be  neglected.  Numerical  solutions  of  Eq.  (6) 

indicate  that  the  mode  is  localized  by  shear  within  a 

region  Lx  *  10  Pe#  which  is  substantially  smaller  than  the 

localization  due  to  the  variation  of  n  and  B  (Ruba  et  al., 

1980).  The  dashed  portion  of  the  curves  correspond  to  regions 

where  krT  1  1.  Since  our  theory  is  restricted  to  the 
Le 

regime  k2r  2  <<  1  these  values  of  x  /I  are  estimates.  Moreover, 
IaC  P 

we  have  chosen  x  /X  *  0.25  as  the  minimum  penetration  distance 
P 

based  on  previous  work  (Hubs  et  al.,  1980). 

We  find  that  (1)  as  the  ion  diagmagnetlc  drift  Increases 

(l.e.,  the  current  sheet  becomes  thinner)  the  mode  can  penetrate 

closer  to  the  "null"  region  (l.e.,  x  *  0)  and  (2)  as  0  Increases, 

which  increases  the  magnetic  shear,  the  penetration 

distance  x  /X  becomes  larger.  Nonlocal  analysis  of  the  lower- 
P 

hybrid-drift  instability  in  a  field  reversed  plasma  (Ruba  et  al., 

1980)  has  found  that  the  dominant  mode  is  localized  at  a 

position  x/X  *  1.25  for  T  =0.  Thus,  even  for  6  *  45°  the 

e 

fastest  growing  mode  is  not  stabilized  due  to  shear.  Ilowever, 
higher  order  modes',  which  penetrate  closer  to  x  «  0,  are  expected 
to  be  affected  by  shear.  These  results,  however,  are  highly 
profile  dependent.  If  the  dominant  shearing  of  the  field 
occurred  in  the  region  where  the  LHP  was  localized,  rather  than 
in  the  null  region  (the  situation  Implied  by  Eq.  (12)),  then  the 
stabilizing  effect  of  shear  would  be  much  more  pronounced. 


III.  DISCUSSION 


The  purpose  of  this  brief  report  has  been  to  study  the 
Influence  of  magnetic  shear  on  the  lower-hybrid-drif t  Instability 
in  reversed  field  plasmas.  As  mentioned  in  the  introduction , 
microturbulence  associated  with  such  modes  can  play  an  important 
role  in  the  dynamic  evolution  of  a  reversed  field  plasma'  via  Its 
anomalous  transport  properties.  The  lower-hybrid-drift 
instability,  although  linearly  stable  in  the  field  reversal 
region  near  the  neutral  line  (Nuba  et  al.,  1980),  does  play  a 
dramatic  role  in  the  evolution  of  an  anti-parallel  field  reversed 
plasma  (Drake  et  al.,  1981;  Vinske,  1981;  Tanaka  and  Sato, 

1981).  It  has  been  shown  both  theoretically  and  by  computer 
simulations  that  the  mode  causes  magnetic  flux  to  diffuse  towards 
the  neutral  line  which  leads  to  an  enhanced  current  density  at 
the  neutral  line.  Eventually  microturbulence  penetrates  to  the 
null  region  and  permits  field  line  reconnection/annihilation  to 
occur,  thereby  dissipating  magnetic  energy.  In  the  case  where 
the  reversed  field  is  non-antiparallel  (l.e.,  the  field  is 
sheared)  we  have  found  here  that  the  lower-hybrid-drift 
instability  will  be  linearly  unstable  further  away  from  the 
neutral  line  than  the  case  where  the  field  is  completely  anti¬ 
parallel  (Fig.  4).  Thus,  magnetic  shear  has  an  inhibiting  effect 
on  the  penetration  of  the  lower-hybrid-drift  mode  toward  the 
neutral  line.  We  anticipate  that  this  means  that  the  evolution 
of  a  non-antiparallel  reversed  field  plasma  will  differ  from  that 
of  an  anti-parallel  one.  For  example,  if  the  shear  is 
sufficiently  strong  the  mode  may  take  substantially  longer  to 
penetrate  to  the  neutral  line  or  may  not  penetrate  at  all.  This 
conjecture,  of  course,  is  based  on  our  linear  analysis  and  must 
be  substantiated  by  further  (nonlinear)  analysis. 

Two  regions  of  the  magnetosphere  in  which  the  magnetic  field 
can  reverse  direction  (in  one  component)  and  is  also  sheared  are 
the  nose  and  magnetotail.  In  both  these  regions  reconnection 
processes  are  believed  to  occur  and  can  be  important  to  the 
dynamic  interaction  of  the  solar  wind  and  the  magnetosphere.  In 
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the  case  of  the  nose,  the  angle  between  the  Incoming  IMF  and  the 
earth's  geomagnetic  field  varies  from  0  to  ir .  A  thin 
magnetopause  boundary  layer  exists  (whose  width  is  roughly  r  ) 
over  which  the  field  undergoes  a  directional  change.  In  the 
magnetotail  it  is  known  that  a  substantial  cros&tail  magnetic 
field  B  <  1 5y )  can  exist  at  times  [Akasofu  et  al.,  1978].  Such 
a  magnetic  field  can  Introduce  a  strong  shear,  i.e.,  the  magnetic 
field  undergoes  a  rotation  as  one  passes  from  the  north  to  south 
lobe. 

Crooker  (1978)  has  suggested  that  the  nose  reconnection  only 
occurs  in  regions  where  the  IMF  and  geomagnetic  field  are  anti¬ 
parallel  (no  shear).  Classical  reconnection  theories  predict 
reconnection  even  if  the  fields  are  nonantiparallel  [Ugal,1981] 
so  that  some  "anomalous"  process  may  be  responsible  for 
Inhibiting  reconnection  in  this  instance.  Ve  suggest  one 
possibility  for  such  an  effect  is  the  influence  of  magnetic  shear 
on  the  lower-hybrid-drift  instability  (or  other  instabilities) 
and  its  associated  microturbulence.  Finally,  we  suggest  that 
experimentalists  studying  reconnection  events  at  the  nose  should 
attempt  to  correlate  these  events  with  the  relative  direction  of 
the  IMF  and  the  geomagnetic  field. 
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FIGURE  CAPTIONS 


1.  Geometry  of  sheared  magnetic  field 

2.  Plot  of  (L  /L  )  vs.  V../v.  for  w  /ft  =  10.0, 

n  s  cr  di  i  pee  * 

■  0.1,  m  ■*  0 ,  8  ■=  0.1  and  8  -  2.0.  The  lower-hybrid- 

drift  instability  is  stable  (unstable)  for 

L/L  >  (L/L  )  (l  / Le  <  (L  /L  )  ).  The  dashed  curve 

ns  ns  cr  ns  ns  cr 

for  8  *  2.0  considers  the  case  where  electron  7B  drift-wave 
resonances  have  been  neglected. 

3.  Plot  of  L^/L^  vs.  x/X  for  the  magnetic  field  profile  given 
by  Eq .  (12).  Also,  shown  is  8  vs.  x/X  for  0  •«  0°. 

4.  Plot  of  0  vs.  x^/X  for  ^di^vi  “  0.25  and  1.00.  Here,  0 
represents  the  strength  of  the  magnetic 

shear  in  reversed  field  plasma  (i.e.,  0  ■>  0:  no  shear, 

fields  anti-parallel;  8*0:  shear,  fields  non-antiparallel) 

and  x  /X  is  the  linear  penetration  distance  of  the  lower- 
P 

hybrid-drift  instability  to  the  neutral  line.  The  mode  is 

linearly  stable  (unstable)  in  the  region  x  <  x  (x  >  x  ). 

P  P 

As  the  amount  of  shear  increases,  i.e.,  0  becomes  larger, 

the  mode  is  stabilized  further  away  from  the  neutral  line  (x 

*  0).  The  dashed  portion  of  the  curves  are  approximate 

since  they  are  in  the  regime  kr^  >  I;  the  theory  presented 

requires  kr_  <  1. 
n  Le 
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PHYSICAL  MECHANISM  OF  WAVE-PARTICLE  RESONANCES 
IN  A  CURVED  MAGNETIC  FIELD 


I.  XN'T’P  ODTTCT  ION 

Hue  of  the  most  important  phenomena  in  plasma  physics  is  the 
wave-particle  resonance.1  These  resonances  allow  collisionless 
plasmas  to  undergo  irreversible  processes  such  as  energy  and 
momentum  exchange,  and  are  crucial  to  such  diverse  phenomena  as 
?.?  heating  of  laboratory  plasmas,-  isotope  separation  and  anoma¬ 
lous  transport  of  particles,  momenta  and  energies  across  boundary 
layers.4  The  classic  work  of  Landau  demonstrated  that  in  an 
unmagnetized  collisionless  plasma,  an  electron  plasma  wave  is 
damned  by  electrons  that  are  in  resonance  with  the  wave;  those 
particles  which  have  a  velocity  such  that  w  ~  lev  . 1  In 
magnetized  plasmas,  Landau  resonances  can  also  occur 
when  kj  *  k*B/B  *  the  component  of  the  wave  vector  parallel  to 
the  magnetic  field  B,  is  non-zero  (for  w  ~  nft  -  k.v,  with  ft  the 
cyclotron  freauency  and  n  an  integer).  On  the  other  hand,  flute 
modes  with  k  -  0  are  important  in  a  number  of  physical 
phenomena,  including  plasma  instabilities  and  radio  frequency 
heating.  If  the  confining  magnetic  field  is  inhomogeneous,  a 
cross-field,  wave-particle  resonance  can  occur  for  particles 
undergoing  a  magnetic  drift,  i.e.,  u>  ~  k»V  where  V  may  be  due 
to  the  spatial  inhomogeneity  of  the  magnetic  field  (VB  drift) 
and/or  to  the  curvature  of  the  magnetic  field  (curvature 
drift).  These  drifts  are  described  as  follows. 

In  an  inhomogeneous  magnetic  field,  the  two  important  magne¬ 
tic  drifts  that  can  exist^  are  the  VB  drift 


v 


~VB 


v2  (B  x  V)B 
i  ~ 

2ft  b2 


(1  ) 


and  the  curvature  drift 

v?  3  x  (B  •  V'tB 

I! 

~e  *  ~  r* 


(2) 


where  ft  *  eB/mc  is  the  cyclotron  freauency.  If  both  types  of 
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drifts  exist  and  the  magnetic  field 
source  'so  that  there  are  no  plasma 
dri't  is  given  by 


is  produced  hy  an  external 
currents')  then  the  total 


»B  •  u\n  *  v=) 


( B  *  7 )  B 


ob‘ 


f  3 ' 


Two  salient  features  of  V  are  the  following.  First,  V_  is  a 

~B  —B 

microscopic  drift  so  that  individual  particles  acutally  undergo  a 

2  2 

drift  proportional  to  v^  and/or  v (  .  It  is  this  oroperty  that 
allows  a  wave-oarticle  resonance  to  occur;  unlike  diamagnetic 
drifts  'due  to  7n  or  7*0  which  are  macroseonic  drifts. 

Second,  v  is  charge  dependent  so  that  electrons  and  ions  drift 

*WD 

in  opposite  directi<*r*v  >  This  implies  that  only  one  species  of 

particles  can  he  t»; •-  with  a  given  wave.  Becently,  we  have 

investigated  the  .<!»£»'•' processes  underlying  the  wave-narticle 

resonance  due  to  s  ~  i'  ri 't  ^  oj  ~  k*V  ).*»7  In  this  paper  we 

~  -up 

complete  our  stud1?'  of  magnetic  drift  resonances  hy  focussing  on 
curvature  drift  resonances  (w  ~  k*V  1.  Of  course,  both  drifts 
exist  in  many  plasmas  of  interest  but  we  will  ignore  the  73  drift 
'or  pedagogical  purposes. 


The  curvature  drift  can  be  viewed  as  arising  from  the 
centrifugal  force  acting  on  the  particle  in  its  rest  frame. 

A  A 

This  is  shown  in  Fig.  1.  Were,  B  *  B  ft)  e  +3  e  .  F__  is  the 

~  X  X  Z  Z  CP 

centripetal  force  acting  on  the  particle  as  it  follows  the  curved 
field  line  and  ?c*  m  -F CX)  is  the  centrifugal  force  felt  by  the 
particle  in  its  rest  frame.  We  restrict  our  attention  to  the  xy 
plane  and  take 


r  Ah 


where  ?c  is  the  radius  of  curvature  of  the  field  at  the  origin, 
"he  curvature  drift  can  then  he  written  as 


v 

~c 


_1_ 

mQ 


B 


( O 
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so  that  ions  (+e^  drift  in  the  *y-6 i recti  on  and  electrons  f-e^ 

drift  in  the  -y-direction  as  shown  in  Fig.  1.  From  Fa .  ( *? )  it  is 

clear  that  a  wave  travelling  in  the  +y-direction  can  he  in  phase 

2 

with  ions  if  id  ~  k  v.  /R  ft  where  v,  is  the  parallel  velocity 

y  it  r  c  Hr 

2 

necessary  for  resonance.  Also,  since  depends  uoon  v  (  ,  both 

♦v,  and  -v,  particles  can  be  in  resonance. 

Hr  » r  • 

We  point  out  that  in  some  previous  treatments  of  the 

curvature  drift,  the  centrifugal  force  Fc^  is  replaced  by  a 

gravitational  force  such  that  g  ■  -2T/ mR  e  ("again,  we  restrict 

>v  c  X 

our  attention  to  the  xy  planed.  The  curvature  drift  then 

A 

becomes  v  »  g /£5  e  .  For  this  representation  of  v  ,  wave- 
~c  y  o’ 

narticle  resonances  cannot  occur  and  only  the  non-resonant 

behavior  o f  the  oarticles  due  to  is  considered.  mhat  is,  all 

of  the  oarticles  are  drifting  at  V  .  Thus,  by  simply 

considering  V  =  g/f?  e  ,  ootentially  important  wav.e-oarticle 
~c  y 

resonances  are  neglected. 

’’he  ouroose  of  this  paper  is  to  discuss  the  physical 
mechanism  of  wave-narticle  resonances  in  a  curved  magnetic 
field.  "he  scheme  of  the  paper  is  as  follows.  In  .  the  next 
section  we  oresent  a  discussion  of  the  energy  exchange  process 
that  occurs  in  this  type  of  resonance.  In  Section  III  we  present 
a  derivation  of  the  damping/grcwth  rate  due  to  this  resonance 
based  ucon  the  physical  arguments  set  forth  in  Section  II.  In 
the  final  section  we  discuss  an  application  of  this  work  to  the 
lowe r-hybrid -dri f t  instability  and  nonlinear  effects. 


II 


OHYSICAL  hFSCH  Io^IrtP  OF  TFF  VA’?P.?ARTICLF  .RFSOFANCF 


mo  elucidate  the  energy  exchange  mechanism  o'  wave-nartide 

resonances  in  a  curved  magnetic  field  we  consider  the  following 

simplified  model.  A  slab  geometry  is  used  with 

11  *  "  fzl  e  +  F  e  as  shown  in  Fig.  1.  The  plasma  is  assumed 
~  x  x  z  z 

to  he  homogeneous.  An  electrostatic  wave  is  imposed  on  the 

system  such  that  7  *  5F  sin  fky  -  ut^  e  with  w  <<  0 

~  7 

and  krT  <<  1  where  SI  is  the  cyclotron  frequency  and  rT  is  the 
mean  particle  larmor  radius.  For  this  wave,  which  is  propagating 
in  the  +y-direction  (see  Fig.  2),  only  the  positively  charged 
species  can  resonate  with  it  so  we  limit  our  discussion  to  the 
ions.  Resonant  iona  satisfy  the  phase  matching  condition 


(6) 


where  V  is  the  curvature  drift,  v,  is  the  parallel  velocitv  of 
c  "  r 

the  particle  in  resonance  and  F0  is  the  local  radius  of  curvature 
o'  the  field.  Fote  that  in  Fig.  2  we  have  translated  our  coordi¬ 
nate  system  to  the  wave  frame. 


Resonant  particles  at  y  »  y1  see  a  constant  electric 

A 

'ield  F  *  6F  e  and  F  x  B  drift  in  the  +x-direction  with  a 

~  y 

velocitv  6Vp  »  c5F/B.  Since  these  particles  are  moving  in  the 
same  direction  as  the  centripetal  force,  the  centripetal  force  is 
doing  work  on  the  particles  and  therefore  is  increasing  their 
parallel  energy.  Thus,  these  particles  absorb  energy  from  the 
wave  and  cause  damning.  Alternatively,  the  increase  in  the 
particle's  parallel  energy  can  he  obtained  from  conservation  of 
angular  momentum,  L  *  vflF.  *  const.  As  the  particles  move  in  the 
*x-iirection,  the  radius  of  rotation  decreases  so 
that  v j  increases  to  conserve  L. 

On  the  other  hand,  resonant  particles  at  y  *  $2  see  a 

A 

constant  electric  field  F  ■  -5F  e  and  f  x  3  drift  in  the  -x- 

~  y 

direction  with  a  velocity  <5Vff  ®  c  5f/F.  Since  these  particles  are 
moving  opposite  to  the  centripetal  force,  they  must  expend  energy 
to  overcome  this  force  and  hence,  decrease  their  parallel 


♦ 


» 
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Fig.  1  —  Slab  geometry  used 


Fig.  2  —  Electrostatic  wave  in  a  plasma  containing 
curved  magnetic  field  (wave  frame) 


energy.  mhus,  these  oarticles  lose  energy  to  the  wave  and  cause 
wave  growth.  Again,  this  can  he  seen  from  conservation  o^  L.  As 
oarticles  move  in  the  -x-direction ,  the  radius  of  rotation 

increases  so  that  v.  decreases  to  conserve  L. 

n 

Clearly,  if  there  are  an  equal  number  of  particles  at 
position  f 1 1  and  (2),  then  there  is  no  net  energy  exchange 
between  the  wave  and  the  resonant  particles.  However,  this  is 
not  the  situation  in  general  as  we  now  show.  The  key  noint  is 
that  the  number  of  resonant  particles  is  locally  proportional 
to  f'v  ,x\  the  particle  distribution  function.  As  in  the  case 
of  Landau  damping,  unequal  numbers  of  particles  participate  in 
energy  gain/loss  transfer  to  the  wave  if  Sf/Sv^  *  0  Cor,  in  this 
case  also  3f  /  Sx  *  o').  We  now  exoand  upon  this  noint. 

We  consider  resonant  particles  f  v  „  =  v.  )  at  x  =  x^  and  at 

II  li  r  0 

some  time  t  +  it  ,  i.e.,  fCx  ,v.  ,t  +At>'.  We  ask  the  question, 
o  o  I  r  o 

where  were  these  particles  at  an  earlier  time  t  =  t  ^  A  portion 

these  oarticles  were  at  Position  (%  =  x  -  Ax,  y  =  y. 'I 

o  1 

with  a  velocity  v„  =  v.  -  Av . .  In  a  time  At,  these  oarticles 

n  n  r  iJ 

move  a  distance  Ax  and  increase  their  velocity  by  Av^  to  arrive 

at  x  *  x0  and  v  (|  =  v  |(  r  .  Thus,  these  oarticles  are  described 

by  g  /'xo-Ax,  v  |(  r-Av  j  ,  t  Q 1  and  abosrb  energy  from  the  wave,  i.e., 

lead  to  damping.  mhe  rest  of  the  particles  were  at  oosition 

C  2  'i  !  x  »  x  +  Ax,  y  =  y„'>  with  a  velocity  v ,  =  v„  +  Av,  .  In  a 

time  At  these  particles  also  move  a  distance  Ax  but  decrease 

their  velocity  by  Av n  to  arrive  at  x  =  xQ  and  vn  -  vnr*  *hus, 

these  oarticles  are  described  by  ffx  +Ax,v,  +Av„,t  )  and  give 

J  o  lr  it  o 

energy  to  the  wave,  i.e.,  lead  to  growth.  Thus,  if 

f'x  - Ax , v  „  - Av , , t  )  >  fCx  +Ax,v,  + Av  , t  )  then  more  particles 
o  ir  Ho  o  Hr  lo 

absorb  energy  from  the  wave  than  give  energy  to  the  wave  and  wave 

damning  results.  Neglecting  any  spatial  dependence  on  f,  i.e., 

no  density  or  temoerature  gradients,  this  means  that  3f/3v  <  0 

'or  wave  damoing,  as  in  the  Landau  resonance.  Alternatively, 

i r  9f./3Vj  >  0  then  wave  growth  can  result.  finally,  we  note 

that  resonance  oarticles  exist  at  both  v.  »  v„ 

r  2  *  "r 

ani  v „  *  -  v  since  V  *  v  „  .  Tor  symmetric  oarticle 
I  li  r  c  k 
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III.  PHYSICAL  LERIVATION  OF  TuF  Wa  VR  LAMPING /GROWTH  P.ATr 

He  calculate  the  damoing/growth  of  the  wave  due  to  the 
oarticle  curvature  drift  resonance  using  energy  conservation, 
”otal  energy  conservator!  can  be  expessed  as 


E  +  r 
v  w 


where  E  and  E  are  the  oarticle  and  wave  energy  density,  resoec- 
o  w 

tively,  and  the  dot  indicates  a  time  differentiation.  The  wave 
energy  density  contains  both  the  electrostatic  field  energy  and 
the  sloshing  energy  of  the  particles.  Our  method  is  similar  to 
that  of  Meade,11  who  calculated  the  growth  rate  of  the  universal 
drift  instability. 

^he  wave  energy  density  of  an  electrostatic  wave  in  a 
lossless  medium  is  given  by 


3I>  /  3  o> 


where  P  is  the  dielectric  function.  Assuming  that  the  perturbed 

*ield  varies  as  exo  (iwtl  where  u>  =  u>  +  iy  we  obtain 

r 


I  =  Y 
w 


3P  /  3  (i>  "I 


mhe  change  in  energy  of  a  single  oarticle  is  given  by 


AW  «  7  •  Ax 
o  ~  ~ 


7  Ax 
x 


where  7  =*  mv.  /R  is  the  centripetal  force  acting  on  the 

x  n  r  c 

oarticle  locally  at  ( x,z ^  We  then  obtain 


3ince  the  oarticle  velocity  is  *  cdF/P  e  we  'ind  that 


aiv,  cdF 

II 


pwpi  'npu  i 
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^otinp  that  V*  *  va  /?  71,  we  rewrite  Fa*  as 

c  n  r  c 

W  «  e  SP  Vr  (•  i*E/n^  ('14') 

p  c  **  ~ 

so  that  the  tine  rate  of  change  of  a  single  particle’s  energy  i3 

related  to  its  Joule  heating  since  i  *  enV  for  the  curvature 

*-  ~c 

drift  particles.  Fron  Tq.  (14^  we  point  out  that  for  5?  >  0  the 
particle  sains  energy  while  for  6?  <  0  it  loses  energy. 

The  time  rate  of  change  of  the  total  particle  energy 

density  I  is  found  hy  calculating  the  change  of  energy  of  all 
P 

the  resonant  particles  in  a  time  At.  We  integrate  the 

eauilihrium  distribution  function  over  the  range  v,  -  Av  _  to 

nr  u  r 

v  „  +  Av where  Av.  is  tve  snread  in  v.  for  a  particle  to 

ii  r  1  r  ir  *  1 

remain  in  resonance  with  the  wave.  Yaking  use  of  "Pa .  M 4 1  we 
find  that 

Z  *  -1  e5?wr  [  rf(y  -Av  ,x  -Ax’'  -  frv  +  Av  ,x  +  Ax'"! 
n?  c  \  Hr  •  o  Hr  So 

+  ff^-v,  +Av„,x  -Ax^  -  f(-v,  -Av_,x  +Ax^1  1  Av.  ( 1  *  l 

Hr  So  Sr  #  o  /  *r 

% 

where  Avfl  and  Ax  renresent  the  change  in  parallel  velocity  and 

position  in  a  time  At,  respectively,  and  the  <>  and  v^ 

integrations  have  been  performed.  In  To.  MO  we  only  consider  a 

density  inhomogeneity  since  a  temperature  inhomoseneitv  is 

usually  only  important  for  flute  modes  when  krT  s  1  and  we  are 
o  o  Q  u 

assuming  k  rT  <<  1 . 

1j 

Prom  To.  MO  we  note  that  the  resonant  particles  in  the 
first  bracket  occur  at  v,  *  +v.  while  those  in  the  second 
bracket  occur  at  v ,(  »  -vJjt  ^see  ^ie.  Moreover,  the  particles 

at  ' x  -  Ax,  v,  -  Av„^  and  ( x  -  Ax,  -v,  +  AvM  increase  their 

’Hy*  '\  n  i  ••  o 


energy  '+  sien  in  Fa.  MO)  and  narticles 

a*  !  r.  Q  +  Ax,  v(i>  +  Avfll  aod  ' x  0  +  Ax,  “vi(~  -  Av^)  decrease  their 
energy  sign  in  po  .  MOA.  Ve  can  rewrite  rg .  MO  as 


=  e  A 


w=( 


r  .^v, 


3f 
3  v . 


Ax 


3  f . 
37 


V  ,  ,  X 

I  r  o 


+  ( Av„ 
n 


5  f 
3  v 

It 


Ax 


Av . 


MO 


Assuming  *  is  symmetric  in  v(  ,  i.e., 

(*f/tv,)  -  -rsf/avM 

J  v ,  ll  v . 

» r  Hr 

we  finally  obtain 


frl 


Z 

P 


-2eSEVr 

c 


3  f 
9vil 


+ 


Ax 


111 

3  X 


J  r 


x 

0 


Av 


ll  r 


MO 


so  that  the  dependence  of  f  on  the  slope  of  the  distribution 

P 

•“unction  is  evident. 

w e  now  compute  Ax,  Av and  AvJr  as  follows.  The  distance  a 
oarticle  moves  in  a  tine  At  is  simply  Ax  *  SV^At  *  (cSE/B^At. 
mhe  change  is  a  particle's  parallel  enerey  i3  found  from  .  M?A 
and  the  definition  AW  ■  Afmv“/2l.  We  find  that 

p  ll 

v  •  c  d* 

--T-  &t  .  Mqa 

c 


mhis  can  also  he  obtained  from  the  conservation  of  aneular 
momentum,  i.e.,  L  *  v^E  *  constant  and  usinp  3R/3t  «  -6V_,. 
Finally,  Av  is  determined  hy  notine  that  for  a  particle  to 

I'  J 

remain  in  resonance  with  a  wave,  we  require 


AVr 


(  20 ) 

~  <c,r  >  as  lone  as 
c 


"’’’at  ig,  particles  will  only  he  in  resonance  f  u> 


they  d o  not  move  more  than  a  hal#-wa velenath  in  a  time  At, 

Farina  use  of  the  definition  of  vr  ( Fa .  ( *■)}  we  find  that 

c 


2  v,  >At 

I  r 


^uhs  t  i  t  u  t  ina  Ax,  Av(  and  Aw  into  Fa .  we  arrive  at 


2 

we  a)  p  3f 


f  c  af, 

~t  *  ~i  ** 


V  ,  ,  X 

l  r  o 


"he  damnin*  Growth  rate  due  to  the  curvature  drift  resonance 
is  now  found  from  Fas.  and  (7.2s*.  We  find  that 


a  .  . 

♦  _£  ill 

v .  9x 


r  d  ;  i 

I  U)  —  i 
3  a) 


where  ai  «  Awne/m,  0  *  eB/mc  and  we  have  normalized  f 
p 

to  n  *  n'x*x  't .  "hus,  Fa .  ( 2^1  is  n  aeneral  expression  for  the 

o  o 

d ampina/arowth  rate,  of  an  electrostatic  wave  oropaaatina 

across  a  naanetic  field  due  to  a  wave-particle  resonance  arisina 

* r on  magnetic  field  curvature  driftina  particles.  Tnterestinaly , 

for  3f/3x  *  f>,  Fa  .  ( 2 B 1  is  the  same  as  for  the  Landau  resonance 

except  for  an  additional  factor  of  2  due  to  the  two  resonances 
H.U 


IV. 


DISCUSSION 


A  substantial  amount  of  literature  exists  on  the  physics  of 

1  ?  ]  *1 

Landau  wave-particle  resonances  (i.e.,  o)  ~  k _  v,  ) ,  *  vet  there 

n  " 

is  little  discussion  of  cross-field,  wave-particle  resonances  due 

to  magnetic  drifts.  The  two  important  cross-field  magnetic 

drifts  are  the  VB  drift  and  the  magnetic  curvature  drift. 

Recently,  we  have  investigated  the  physics  of  the  wave-particle 

resonance  for  VB  drifting  pa rt i c le s  .  ^ ^  In  this  paper  we  focus 

our  attention  on  the  energy  exchange  between  waves  and  resonant 

curvature  drifting  particles  ( ui  ~  k*V  ).  The  curvature  drift  can 

~  ~c 

be  viewed  as  arising  from  the  centrifugal  force  acting  on  the 
particle  in  the  particle's  rest  frame.  That  is,  V  «  F  x  B 

ty  ^Cl  ^ 

where  F  *  -mv'/R  and  R„  is  the  radius  of  curvature  of  the 
c  f  n  c  c 

field  line.  Curvature  drifting  particles,  resonant  with  a  wave, 

see  a  constant  electric  field  which  causes  them  to  E  x  B  drift  in 

the  same  direction  or  opposite  to  the  centripetal  force  acting  on 

them,  depending  on  the  phase  of  the  wave.  The  particle's  energy 

2 

then  changes  bv  an  amount  AW  «  A(mv„/2)  **  F  Ax 
2  p  n  c  p 

where  F  *  nv  / P  is  the  centripetal  force  and  Ax  -  (c<5E/B)At. 
cp  ”  c 

Depending  on  the  relative  number  of  particles  absorbing  energy 
from  or  giving  energy  to  the  wave,  which  is  a  function  of  the 
slope  of  the  particle  distribution  function  in  v(  and  x  space, 
wave  damping  or  growth  can  occur.  Alternatively,  the  energy 
exchange  process  can  be  viewed  in  terms  of  conservation  of 
angular  momentum,  L  *  v  ^  R  *  const.  The  T.  x  B  drift  of  the 
resonant  particles  causes  the  particles  to  move  to  smaller  or 
larger  radii  of  rotation  (R)  depending  on  the  phase  of  the 
wave.  Thus,  v(  Increases  or  decreases  accordingly  in  order  to 
conserve  L.  A  general  equation  for  the  damping/growth  rate  has 
been  derived  based  upon  these  physical  arguments,  Fq.(23).  As  an 
application  of  this  theory  we  now  consider  the  lower-hybrid-drift 
wave  instability. 

The  dielectric  function  for  the  lower-h ybri d -dr i f t  mode  is 
given  by"* 
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2  ,2 

to  2ui  . 

—El  +  El  (i  -  fcv  /w) 

.2  .2  2  1  di'  ' 

Q  k  v . 

e  i 


where  V  ■  (v,/2Q,  )  3lnn/3x  and  we  have  assumed  T  <<  T  , 

^  1  I  2  ^  2  cl 

<<  and  tOpe  >>  P. &  for  simplicity.  This  mode  propagates  in 

the  direction  of  the  ion  diamagnetic  drift.  In  writing  Eq .  (24) 

we  have  ignored  the  ion  Landau  resonance  to  highlight  the 

curvature  resonance.  Since  this  instability  requires  y  >  , 

the  ions  behave  as  unmagnetized  particles  and  cannot  participate 

in  the  type  of  resonance  discussed  in  this  paper.  On  the  other 

hand,  field  line  curvature  does  effect  the  ion  equilibrium 

/I  «•  i  f  .  14  r.T  n  .  U  £  J  ■  1  >1  14..  .  V  .  n1«  .  V  .  .  n  . 


drift . 


We  choose  the  field  line  curvature  to  be  such  that  an 


electron-wave  resonance  can  occur.  The  electron  distribution 


function  is  chosen  to  be 


■Ejpl  (l/irv^)^2  exp  C-v^/v^) 


where  v' 


2T  /tn  and  X 
e  e 


x  -  v  [0.  is  a  constant  of  the 
y  e 


notion.  Expanding  X  about  xQ  we  obtain 


where  e 


wh  e  re 


.  e  f 
3x  n 


31nn/3x.  Using  Eqs.  (23)  and  (26),  we  find  that 


—  -  ~  (1  -  e  *  /2c  )  C  exp(-C  ) 


v.  /v  -  (u>/kV  )  and  V  -  v  /R  Q  .  If  we  define 
lire  ce  ce  ece 


?■  ■  1/e  then  Eq .  (27)  is  consistent  with  the  results  of  Rahal 

c  “ 

and  Gary.*^  For  the  curvature  damping  to  be  significant  one 

2 

requires  that  c  ~  1  which  places  the  following  condition  on 

We  take  u/k  ~  V..  so  that  we  require  V..  ~  V  which  leads 
c  a  l  .nice 


to  R  ~  2L  (T  /T  )  where  L 
c  n  e  i  n 


( 3 1 nn / 3x ) 


■  1/e  .  Thus,  the 
n 


radius  of  curvature  of  the  magnetic  field  lines  has  to  be 
comparable  to  the  scale  length  of  the  density  gradient  for  the 
electron  curvature  drift-wave  resonance  to  be  a  significant 
damning  mechanism  for  the  lower-hybrid-drift  wave  instability. 

It  should  be  noted  that  this  electron-wave  resonance  alwavs  leads 
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to  damping.  For  the  geometry  shown  in  Fig.  1,  we  require  <  0 

for  an  electron-wave  resonance  to  occur  because  V,.  ■  -V..  e  : 

~di  di  y 

from  Eq  .  (27)  it  is  clear  that  <  0  leads  to  damping.  <">n  the 

other  hand,  if  e  >0,  (which  could  conceivably  lead  to  y  >  0), 

'  n  c 

no  resonance  can  occur  because  then  the  wave  and  drifting 
electrons  are  not  moving  in  the  same  direction.  In  fact,  this  is 
the  situation  considered  by  Rahal  and  Gary*-’  so  that  they  did  not 
find  any  resonance  damping. 

Finally,  we  note  that  this  resonance  may  lead  to  spatial 
trapping  of  particles  as  in  the  case  of  the  7B  drift-wave 
resonance.  That  is,  as  particles  drift  in  the  x-direction  they 
eventually  lose  resonance  with  the  wave;  they  either  drift  faster 
or  slower  than  the  wave.  This  can  arise  because  vfl  changes,  or 
because  Rc  and  Q  are  functions  of  x.  The  particles  then  "circle 
around"  and  become  resonant  with  the  wave  in  its  opposite 
ohase.  Thus,  they  drift  in  the  opposite  direction  and  become 
trapped.  However,  it  is  unclear  that  such  a  process  can  occur 
since  it  requires  t  <<  ,  where  f  is  the  spatial  trapping 

period  and  is  the  bounce  period  in  a  curved  field  (e.g., 
mirroring  period),  which  Is  probably  difficult  to  satisfy  in  most 
plasmas  of  interest. 
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ABSTRACT 


Evolution  of  electrostatic  plasma  double  layers  is 
simulated  in  a  1-D  Vlasov  model  with  novel  boundary  conditions, 
in  which  the  double  layer  forms  part  of  an  RL  circuit.  The 
double  layer  develops  from  the  nonlinear  stage  of  a  convective, 
current-driven  instability.  Its  evolution  is  characterized  by 
strong  trapping  of  both  ions  and  electrons;  ion  heating  appears 
to  play  a  prominent  role  in  the  intermediate  stages  of  devel¬ 
opment.  Results  are  discussed  for  two  cases:  (i)  L  -*•  » 
(constant-current) ;  and  (ii)  L/R  «  the  ion  transit  time. 


Electrostatic  double  layers  are  of  interest  both  in 

laboratory^' ^  and  space^'^  plasmas.  The  steady-state  double 

5  7  8 

layer  has  been  studied  in  fluid  '  and  BGK  analyses,  and  its 
formation  investigated  in  numerical  simulations.^  ^^fl^In  this 
Letter  we  present  preliminary  results  of  a  new  type  of  simu¬ 
lation.  A  fuller  description  and  analysis  will  be  published 
elsewhere. 

The  simulation  described  here  is  unique  in  that  it 
treats  the  double  layer  as  a  nonlinear  element  in  a  self-consistent 
model  circuit ^^hown  in  Fig.  1.  The  simulation  region  is  a 
1-D  plasma  column  0  <  x  <  H  of  arbitrary  cross-section  A. 

The  column  is  connected  in  series  by  imagined  grids  at 
x  =  0,  l  to  a  potential  source  4>,  a  resistance  R,  and  an 
inductance  L.  We  denote  the  potential  and  current  density 
in  the  column  by  <Mx,t)  and  J(x,t),  respectively;  by  con¬ 
vention  <M  o,t)  =  0,  and  we  denote  4>DL  ( t )  =  <J>U,t).  Assuming 
the  circuit  to  have  been  closed  at  t  -*■  -  00 ,  the  circuit 
current  IQ(t)  is  given  by 

i0(o>  =  r-1  -4>  +fae'  4>DL(e')exp(e'-e)  ,  (i) 

0  J 

where  6  =  t/T ,  t  =  L/R,  4>  >  0 ,  .  and  4>DL(t  <_  0)  =0. 

Simultaneously  .with  Eq.  (1) ,  the  plasma  column  is 
described  by 
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ft  +  v^  +  iiEl^)  fj(x,v,t)  =  °' 

^  D  t 


3E(x,t)/3x  =  4  tt  L°j  J  fj 


dv  , 


(2) 


where  E  =  -  34>/3x.  Equation  (2)  is  solved  with  a  flux-corrected 
transport  algorithm"*"2  originally  employed  by  Rowland"*"*5 
and  modified  here  to  allow  for  open  boundaries. 

The  boundary  condition 


J  ( 0 ,  t)  =  JU,t)  =  JQ(t)  ,  (3) 

where  JQ  =  IQ/A,  ensures  that  the  plasma  column  remains 
neutral  overall,  so  that  E  (0  / 1)  =  E  ( £ ,  t)  =  0.  To  satisfy 
Eq.  (3)  ,  the  current  density  at  the  boundaries  must  in 
general  contain  a  component  6J  injected  from  external 
"source"  plasmas.  Thus 


J(0,t)  «  J<(0,t)  +  6J>  (Oft)  , 
J(i,t)  =  J>(i,t)  +  6J< (l ,t) , 


(4) 


where  subscripts  "<"  indicate  moments  over  v  >  0  and 

v  <  0,  respectively.  Equations  (4)  are  implemented  by 
defining  source  distributions 


f®(v)  =  (2ttV?)  ~^exp 


-(v-Uj)2/2V? 


(5) 
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The  components  J<(0,t)  and  J  (fc,t)  are  assumed  to  contribute 
totally  to  the  boundary  current  JQ(t),  and  the  distributions 
composing  J<f  J>  are  assumed  not  to  affect  the  source 
distributions.  Then  at  each  time  step,  6J<  and  6J>  are 
injected  by  transporting  across  each  boundary  distributions 

fjnj(0,t)  =  a(0,t)f*(v) ,  f^nj(£,t)  *  aU,t)f ® (v) , 

where  the  a's  are  chosen  such  that  Eq.  (4)  is  satisfied. 

This  implementation  is  not  unique  until  a  prescription  is 

given  for  the  UK  in  Eq.  (5) .  In  the  simulations  discussed 

in  this  Letter,  U  .  are  held  fixed  at  their  initial  values. 

e,i 

In  what  follows,  time  and  length  scales  are  respectively 

normalized  to  the  electron  plasma  period  and  Debye  lengtr. 

eo  in  the  initial  plasma:  t  -*•  weot,  x  -►  x/Aeo.  Potentials 

2 

are  in  terms  of  T g/e,  and  R  ■+  RAe  /meVe. 

We  shall  describe  two  cases,  differing  essentially  in 

the  inductance  time  constant  t.  For  both  cases,  we  have 

rtu  =  16  me,  Ti  =  Tg,  Ug  =  2Vg,  and  UK  =  -2Vj_  =  -0.5Ve; 

U  .  are  chosen  to  satisfy  the  Langmuir  criterion 
e ,  i 

k  5  11 

U./U  =  (m  /m.)  and  the  Bohm  criteria  ' 

X  6  S  1 

Ue  l  (3  +  VTe)\,  U.  >  ( 3V?  +  Vm.)1*  .  (6) 

The  applied  potential  4>  *  20,  and  Jo(0)  = 
differing  between  the  two  cases  are: 


-0.5.  Parameters 


Case  I 


Case  II 


Spatial  resolution  Ax/XeQ 

0.68 

0.90 

Temporal  resolution  wgoA 

0.02 

0.05 

System  length  £/Aeo 

21 

57 

Induction  time  w  x 
eo 

105 

90 

Case  I,  for  which  t  is  much  longer  than  the  evolution  time 
of  the  double  layer,  corresponds  to  a  constant-current 
boundary  condition.  In  Case  II,  t  is  the  time  for  an  ion 
to  traverse  the  system  at  speed  U.. 

We  now  describe  briefly  the  salient  features  of  the 
double-layer  evolution.  A  fuller  description,  including 
supporting  spectral  data  and  extensive  phase-space  histories, 
will  be  published  elsewhere. 

We  earlier  proposed6  that,  compatibly  with  the  Bohm 
criterion  (6) ,  double  layers  would  evolve  in  the  presence 
of  a  current-driven  instability.  We  trigger  such  insta¬ 
bility  by  superimposing  neutral,  random-phase,  white-noise 
density  fluctuations  on  the  initial  plasma  and  in  the 
injected  current.  The  two-stream  instability  develops  for 
a  set  of  wave  modes  near  the  wavenumber  for  peak  growth 
in  linear  theory  [14],  with  dispersion  in  the  finite 
system  modified  by  the  condition  E(0,t)  +=  E(£,t)  =  0. 

The  waves  appear  aperiodic  or  nearly  so,  with  their  envelope 
growing  spatially  in  the  direction  of  electron  drift. 


E-7 


Initially,  there  are  four  to  five  principle  wavelengths  in 
the  system.  After  the  convective  growth  of  the  envelope  is 
completed,  the  potential  wells  begin  to  coalesce,  apparently 
due  to  nonlinear  trapping  effects  (electrons  being  trapped 
first) .  The  spatially  oscillating  wave  potential  becomes 
rectified  by  a  DC  electric  field  component,  which  grows  to 
dominate  the  k-spectrum  as  the  potential  wells  coalesce  and 
the  potential  profile  develops  a  scale  length  longer  than 
the  linearly  unstable  wavelengths.  The  electron  trapping 
causes  local  current  interruption;  this  leaves  increased 
ion  concentration  at  the  high-potential  end,  which  is 
accentuated  by  rarefaction  of  accelerated  electrons.  Even¬ 
tually  the  ions  too  become  trapped  at  the  potential  crest  (s); 
the  evolution  of  the  double  layer  is  dominated  by  the  strong 
heating  of  trapped  ions  (see  the  discussion  below) . 

Energy  balance  for  the  entire  circuit  is  described  by 
the  dimensional  equation 


(7) 


-  ii  - 1  a  r  -  + 


where  W_  =  /  dx  E  /4ir  and  P. 


■[ 


H  j>  dsfdv  v3f^, 
^  bdy 

n 

■/ 


dx  E(J-Jq).  The  simulations 


conserve  total  energy  according  to  Eq.  (7)  to  within  one 

4 

part  in  10  ,  an  advantage  of  the  self-consistent  circuit  formulation. 
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Analysis  shows  3WE/3t  ^  ~Fj>  note  that  Pj  is  the 

dissipation  of  the  interrupted  current,  J-JQ.  We  note  here 

an  intriguing  result;  Pj  tracks  in  detail  the  evolution  of 

<*>DL  itself.  In  Figures  2  and  3,  we  plot  4>DL(t)  an<* 

WT(t)  =|  PT  dt,  where  AT  is  the  interval  between  the 
J  t-AT  J 

plotted  points.  Fluctuations  in  are  reflected  in  detail 
(with  a  slight  time  lag)  in  the  slope  of  4>DL(t). 

In  Case  I  (Fig.  2) ,  rises  rapidly  and  monotonically 

to  a  final  value  of  43.4.  Because  the  external  potential 
source  4>  and  the  essentially  infinite  inductance  L  combine 
to  produce  (on  the  evolutionary  time  scale)  a  current 
source,  this  value  of  <PDL  is  related  not  to  4>  but  is  instead 
determined  by  the  scaling  law  (8)  given  below. 

,  In  Case  II  (Fig.  3) ,  the  evolution  is  marked  by  inductive 
overshoots  and  recoveries,  finally  stabilizing  at  4>  = 

19.2  <  $.  In  Fig.  3b,  we  see  rapid  relaxation  oscillations 

in  Wj  accompanying  the  overshoots;  note  that  these  occur  not 
on  the  time  scale  t  but  over  only  a  few  ion  plasma  periods. 

In  Fig.  4,  we  show  the  field  profiles  and  phase  spaces  at 
t  =  85,  100,  and  125,  which  are  labelled  a,  b,  and  c  in 
Fig.  3b.  At  t  -  85  (Fig.  4a)  we  see  two  distinct  vortices 
in  the  ion  phase  space  beginning  to  mix  strongly,  accompanied 
by  large  gradients  in  the  electric  field.  At  t  =  100 
(Fig.  4b)  the  vortex  interaction  is  nearly  complete;  the 
electric  field  profile  is  smoothed  somewhat  and  one  of  its 
reversals  in  Fig.  4a  has  nearly  vanished.  At  t  =  125,  we 
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see  a  jet  of  energetic  ions  accelerated  to  the  right, 
forming  a  beam  on  the  tail  of  the  ion  distribution.  Such 
ion  heating  and  acceleration  during  a  double-layer  dis¬ 
ruption  (similar  to  the  undershoot  seen  here)  has  been 
reported  experimentally.^ 

As  the  turbulently  mixed  ions  are  accelerated  out  of 
the  system,  the  double  layers  approach  an  asymptotic  siate 
characterized  by  laminar  distributions.  This  state  is 
stable  in  the  sense  that  no  further  evolution  is  seen  to 
occur,  over  a  time  scale  comparable  to  that  of  significant 
development  in  the  transient  evolution.  In  both  Cases  I 
and  II,  the  saturated  potential  $DL  and  length  scale 
£*  5  (J>DL/max|E|  are  related  by  a  scaling  law 

4>dl  -  0.165  ,  (8) 

where  Ae*  is  the  upstream  Debye  length.  The  form  of  this 
scaling  is  easily  found  by  dimensional  analysis.  The  co¬ 
efficient  is  not  well  understood;  other  authors  find  0.17 
(Ref.  9)  and  0.04  (Ref.  11). 

In  a  future  publication,  we  shall  discuss  these  and 
other  results  in  fuller  detail.  Points  currently  being 
investigated  include  an  expanded  range  of  initial  drift 
conditions  and  different  implementation  of  the  boundary 
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conditions,  as  well  as  detailed  analysis  of  the  oscillation 
spectrum.  In  addition,  we  hope  to  develop  a  model  of  the 
double  layer  as  a  nonlinear  plasma  capacitor. 

I  am  grateful  to  S.L.  Ossakow  and  P.J.  Palmadesso 
for  numerous  discussions  and  for  their  continued  interest 
in  this  work.  I  have  also  benefitted  from  conversations 
with  C.  K.  Goertz,  G.  R.  Joyce,  J.  A.  Fedder,  A.  T.  Drobot, 
N.  Hershkowitz,  and  C.  L.  Grabbe.  I  owe  many  thanks  to 
S.  J.  Marsh,  S.  T.  Zalesak,  W.  B.  Miner,  and  H.  L.  Rowland 
for  dicussions  on  numerics.  This  work  was  supported  by 
and  performed  at  the  Naval  Research  Laboratory,  under 
Contract  N00174-81-C-2038. 
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FIGURE  LEGENDS 


Fig.  1 
Fig.  2 

Fig.  3 

Fig.  4 


Schematic  of  the  circuit  model. 

Time  histories  of  (a)  double-layer  potential  and 
(b)  dissipation  of  interrupted  current,  for 
Case  I.  JQ  =  -0.5  =  constant. 

Same  as  Fig.  2,  for  Case  II.  Also  shown  in  (a) 
is  JQ(t).  Details  of  system  at  A,  B,  C  are  shown 
in  Fig.  4. 

Field  profiles  and  x-v  phase  spaces  for  Case  II 
at  (a)  t  =  85,  (b)  t  =  100,  (c)  t  =  125,  showing 
an  inductive  overshoot.  Contours  are  of  the 
logarithm  of  f^ (x,v) . 
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Strong  Langmuir  turbulence  acts  to  generate  localized  spiky  fields  and  ion  cavities.  It  is  shown  that  these 
cavities  generate  potential  barriers  that  can  trap  a  significant  fraction  of  the  electrons.  For  example,  a  2096 
cavity  traps  50%  of  the  electrons.  This  can  seriously  change  the  direct  current  properties  of  a  collisionieas 
plasma  and  lead  to  the  appearance  of  anomalous  dc  resistivity. 


I.  INTRODUCTION 

The  problem  of  anomalous  plasma  dc  resistivity  in 
one  dimension  is  one  of  the  oldest  basic  plasma  phys¬ 
ics  questions.  Its  resolution  has  eluded  the  plasma 
community  despite  intensive  theoretical  and  experi¬ 
mental  efforts.1,a  Besides  its  fundamental  nature, 
the  question  of  anomalous  resistivity  is  of  utmost 
practical  importance  for  laboratory  plasma  heating 
and  for  energy  dissipation  and  particle  acceleration  in 
space  plasmas.3  In  weak  turbulence  models,  the 
presence  of  a  field  aligned  electron  current' in  the 
plasma  with  a  drift  velocity  vt,  higher  than  a  threshold, 
excites  density  fluctuations  which  then  scatter  the 
electrons  with  a  collision  frequency  u*  larger  than  the 
small  angle  Coulomb  frequency  u,  thereby  producing 
a  higher  dissipation  rate.  This  provides  a  consistent 
and  experimentally  satisfactory  picture  if 
where  J2#  is  the  electron  cyclotron  frequency.  However, 
when  u*<S2„  the  electron  magnetic  moment  is  con¬ 
served  and  the  electrons  should  be  treated  as  one  di¬ 
mensional.  In  this  case,  as  clearly  shown  by  Petvia- 
shvilli,3  the  formation  of  a  plateau  in  the  electron  dis¬ 
tribution  function  precludes  any  resistivity  enhance¬ 
ment  beyond  a  few  percent  of  the  classical  value.  It  is 
the  purpose  of  this  paper  to  demonstrate  that  inclusion 
of  strong  turbulence  effects  can  remove  most  of  the 
fundamental  difficulties  encountered  in  one-dimensional 
anomalous  resistivity  and  produce  a  consistent  and 
satisfactory  picture.  The  basic  idea  is  that  density 
cavities  in  the  ion  background  cause  the  existence  of 
low  frequency  potential  barriers.  When  a  dc  electric 
field  is  applied,  these  barriers  can  prevent  the  free 
streaming  acceleration  of  a  significant  fraction  of  the 
electrons. 

An  important  step  forward  in  understanding  when 
anomalous  dc  resistivity  can  appear,  was  the  observa¬ 
tion  of  Papadopoulos  and  Coffey*  that  the  low  fre¬ 
quency  density  fluctuations  could  be  generated  by 
means  other  than  current-driven  instabilities.  This 
removes  the  threshold  requirement  on  vt  of  the  ambient 
plasma.  In  their  paper  the  low  frequency  fluctuations 
appeared  due  to  the  presence  of  suprathermal  electron 
beams.  Such  situations  exist  both  in  relativistic  beam 
plasma  heating  *  d  in  auroras  due  to  the  presence  of 
the  energetic  precipitating  electrons.  It  was  noted*’* 
that  the  presence  of  the  beams  creates  electron  plasma 


oscillations  whose  ponderomotive  force,  acting  on  the 
plasma,  drives  low  frequency  density  fluctuations.  In 
going  into  the  one-dimensional  situation  and  within  the 
framework  of  weak  turbulence  theory  the  same  diffi¬ 
culties  reappear  as  in  the  current -driven  case.  How¬ 
ever,  under  strong  turbulence  conditions  [i.e.,  W/nT 
>  (&d)j>  where  W  is  the  field  energy  in  the  beam 
resonant  waves  and  k  is  their  wavenumber],  the  density 
fluctuations  have  been  shown  to  form  large  localized 
density  cavities  (cavitons)  in  which  the  high  frequency 
field  is  trapped  (solitons).***  Figure  1  shows  a  typical 
structure  as  seen  in  a  computer  simulation  of  such 
cavities  produced  by  the  high  frequency  (u>M)  waves  due 
to  the  existence  of  a  beam  (see  also  Figs.  13  and  16  of 
Ref.  B). 

While  our  original  work  centered  on  such  beam¬ 
generated  cavities  which  occur  in  many  situations  of 
current  physical  interest,  the  basic  physical  effects 
noted  here  will  appear  whenever  finite  amplitude  ion 
cavities  exist  in  the  ambient  plasma.  A  description  of 
the  interaction  of  the  background  electrons  with  the 
cavities  requires  a  local  theory  going  beyond  the  limit 
of  weak  turbulence  quasi-linear  wave-particle  interac¬ 
tion.  In  view  of  the  analytical  complexity  of  the  subject 
we  present  below  a  phenomenological  theory  supple¬ 
mented  by  computer  simulations. 

II.  THEORY 

Assume  that  there  is  a  density  cavity  in  the  ion  back¬ 
ground  with  a  depth  5 n,/n0,  where  n0  is  the  average  ion 
density.  In  order  to  maintain  charge  neutrality  at  low 
frequency,  there  must  exist  a  low  frequency  potential 
Internal  to  the  plasma,  6$,  large  enough  to  exclude  a 
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FIG.  1.  Typical  Ion  deualty  fluctuations  gens  rated  by  the  pre¬ 
sence  of  a  high  velocity  electron  beam  ae  seen  la  a  particle 
simulation. 
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traction  of  the  electrons  equal  to  &n,.  This  means  that 
inside  the  cavity 

From  the  Vlasov  equation,  since  /  is  constant  along 
lines  of  constant  energy  we  can  determine  /<>u  in  terms 
of If is  a  nondri/ting  Maxwellian  then 
(l-0n(/no)“exp(-6$/2),  where  6<f >  is  normalized  to 
the  electron  thermal  energy  and  o,4»l.  Defining  a 
trapping  velocity  t/*«  50,  the  fraction  of  traced  elec¬ 
trons  is 

This  is  plotted  In  Fig.  2  as  a  function  of  cavity  depth. 

As  can  be  seen  in  Fig.  2,  the  fraction  of  trapped  elec¬ 
trons  is  greater  than  the  cavity  depth.  For  example, 
a  cavity  with  6n,/nom0.2  generates  a  low  frequency  po¬ 
tential  that  traps  or  blocks  half  of  the  electrons.  One 
might  assume  that  In  order  to  maintain  quasi-neutrality 
the  plasma  would  generate  a  potential  just  large  enough 
so  that  6n,,v  “On,.  However,  as  noted  earlier,  a 
collisionless  plasma  will  conserve  flux  along  a  constant 
energy  surface.  As  particles  pass  over  the  potential 
barrier  they  slow  down  and  bunch,  increasing  the  local 
density.  In  order  to  maintain  charge  neutrality,  the 
plasma  must  raise  the  height  of  the  potential  barrier  so 
that  6n,,1r>6nl. 

On  the  basis  of  this  picture  we  can  compute  the 
electron  response  to  an  external  dc  field.  In  the  absence 
of  any  cavities,  the  electrons  will  free  stream  with  an 
average  velocity  vf,U)  »( q/m)Et  when  an  external  dc 
field  is  applied.  The  presence  of  the  density  cavities 
divides  the  electrons  into  two  classes  (Fig.  3).  The 
central  part  of  the  distribution  with  does  not 

accelerate,  since  it  is  reflected  by  the  potential  bar¬ 
riers.  The  tail  with  initial  velocities  parallel  to  v, , 
being  untrapped  is  displaced  by  vf,\  untrapped  particles 
that  have  an  initial  velocity  opposite  to  vf,  can  only 
slow  down  to  a  velocity  |  a  (50),/a.  At  that  point 
they  are  scattered  for  180°  by  the  potential.  This 


FIG.  2.  The  fraction  of  the  electron  population  trapped  by  an 
Ion  cavity  of  depth  6n(.  Note  diet  a  cavity  of  depth  of  0.2  traps 
approximately  half  of  the  electrons. 


~*tr  *tr 


FIG.  3.  The  presence  of  e  finite  amplitude  Ion  cavity  cauaes  a 
colocated  low  frequency  potential,  6$*,,  •  When  an  external 
potential  la  applied,  50m,  a  fraction  of  the  electrons  are  trap¬ 
ped  and  prevented  from  accelerating.  If  we  Ignore  atreamlng 
Instabilities,  the  electron  velocity  distribution  will  form  the 
shape  shown  on  the  left. 


means  that  the  electrons  in  the  left-hand  tail  have 
undergone  a  sudden  increase  in  velocity  equal  to  2 
t!„u.  Therefore,  the  average  electron  drift  velocity 
Is 


/.  5*.  -  \  ,  r-^t./dv  -»*\ 

i1  “ ((27prexp  ~T7 • 


The  maximum  contribution  from  the  Integral  is 
(1 -5n(,k/n»)t;M>.  Therefore,  on  long  time  scales 


(2) 


m  (1  -  5n, .  tt/n#)  i/ , . 


Hi.  SIMULATION  RESULTS 

Here,  we  present  a  series  of  one-dimensional  com¬ 
puter  simulations  showing  the  effect  of  ion  density 
cavities  on  the  ability  of  a  collislonless  plasma  to 
carry  a  dc  current. 

A  particle-fluid  hybrid  code*  and  a  Vlasov  simulation 
code,<u  were  used.  First,  we  looked  at  the  accelera¬ 
tion  of  the  plasma  by  a  constant  dc  electric  field 
(Eq.  (2)).  To  study  this  case  we  carried  out  two  groups 
of  runs.  We  first  imposed  a  fixed  ion  density  fluctua¬ 
tion  on  the  plasma.  This  allowed  us  to  easily  vary 
btf/n,  and  the  shape  ol  the  fluctuations.  In  the  next 
simulations,  the  ion  fluctuations  were  generated  self- 
consistently  by  the  ponderomotive  force  of  a  high  fre¬ 
quency  long  wavelength  pump,  such  as  expected  In  the 
presence  of  weak  electron  beams  or  a  laser.  We  next 
looked  at  the  effect  of  ion  cavities  on  an  existing  dc 
current.  In  these  simulations  the  ion  cavities  were 
generated  by  the  collapse  of  a  long  wavelength  Lang¬ 
muir  wave. 

Figure  4  shows  the  results  of  the  first  set  of  runs. 
The  straight  line  is  the  free  streaming  velocity  of  the 
plasma  and  occurs  when  6n,  *0.  The  curves  fines  are 
calculated  from  Eq.  (2)  assuming  tBU  =  .  Three  of 

the  simulations  plotted  used  the  particle  fluid  hybrid 
code.  The  electrons  were  particles.  The  ions  were  a 
fixed  fluid  background.  The  smatl  differences  in  the 
simulations  from  the  theoretical  curves  can  be  at- 
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FIG.  4.  The  electron  drift  velocity  due  to  a  constant  dc  field. 
The  top  line  is  die  free  streaming  response  of  the  electrons. 
The  three  lower  lines  are  the  theoretical  predictions  for  differ¬ 
ent  cavity  depths  as  marked.  •,  o,  x  are  particle-fluid  simu¬ 
lations  with  6n(/n0-0.2,  0.4,  and  0.6.  0  is  a  Vlasov  simulation 
with  6nj/nc«0.2. 


tributed  to  the  electron  noise  due  to  the  finite  number 
of  particles.  In  the  first  simulations  we  ran  with  what 
we  considered  to  be  a  reasonable  number  of  particles 
per  Debye  length  (no  =  10-20);  we  did  not  see  the  en¬ 
hancement  of  6n„to  over  6rt,.  As  we  increased  the  num¬ 
ber  of  particles  per  cell  the  simulation  results  were  in 
better  and  better  agreement  with  theory.  For  the 
simulations  shown  in  Fig.  4  the  number  of  particles  per 
cell  was  400.  The  appearance  of  the  enhancement  is 
due  to  the  conservation  of  flux  along  constant  energy 
surfaces.  If  the  plasma  is  collisional,  this  condition 


is  not  true.  The  numerical  collision  frequency,  u,  can 
be  estimated  as  (ait,)'1,  where  a  depends  upon  the 
spatial  filtering  applied  in  the  code.  Based  upon  test 
runs  with  this  code,  a  =  7.  For  these  particle  simula¬ 
tions  the  width  of  the  cavities  is  approximately  30ADi 
for  6ni/no*0.2,  nb  =»  0.5i>,4;  particles  with  v=»  r*  are 
most  slowed  by  the  barrier  and  contribute  most  to  the 
enhancement  of  6w,ltr  over  On,.  From  this  we  can  make 
a  rough  estimate  of  the  time  required  for  such  a  par¬ 
ticle  to  pass  over  the  barrier,  f,  and  thus  we  see  that 
vef*  1  for  n0  *  10.  This,  of  course,  is  really  a  lower 
limit  on  \jet  since  the  barrier  will  slow  such  particles 
down  therefore  increasing  t.  As  can  be  seen  in  Fig.  4 
this  was  actually  confirmed  by  using  the  noise -free 
Vlasov  code.  This  code  due  to  its  noise  free  property 
allowed  us  to  clearly  distinguish  between  trapped  and 
untrapped  electrons.  Figure  5  shows  the  electron  dis¬ 
tribution  at  f-0  and  w„f-750.  With  5n,/no*0.2,  50% 
of  the  particles  were  trapped  in  agreement  with  the 
theory.  Whitfield  and  Skarsgard11  observed  this  split¬ 
ting  of  the  electron  distribution  function  in  particle 
simulations  in  which  they  modeled  the  effect  of  a  bumpy 
magnetic  field  with  a  fixed  sinusoidal  density  variation. 

\ 

In  order  to  determine  the  effects  of  the  cavity  width 
and  spacing  on  the  interactions,  we  initialized  the  ions 
in  the  Vlasov  simulations  four  different  ways  as  shown 
in  Fig.  6.  It  was  found  that  the  interaction  was  indepen¬ 
dent  of  both  the  width  and  the  spacing  and  dependent 


FIG.  5.  The  electron  velocity  distribution  from  the  Vlasov 
simulation  shown  in  Fig.  4,  6n|/nl-0.2.  The  top  figure  shows 
the  initial  distribution;  the  bottom  figure  shows  the  distribution 
at  750u£*.  The  theoretically  predicted  v„  is  marked. 


only  on  the  value  of  the  density  minimum.  These  re¬ 
sults  are  consistent  with  the  simplified  theory  presented 
here. 

We  next  examined  three  situations  where  the  ion 
cavities  are  self  consistently  generated  due  to  stroi% 
turbulence. 

Figure  7  shows  the  results  of  a  hybrid  simulation  with 
m,  «128m,  where  a  kinetic  beam  plasma  instability 
with  growth  rate  y  “O.OOOuj,,  and  phase  velocity  t^, 

was  driven.  The  mode  was  nonlinearly  stabil- 
ized>~*  by  creating  a  set  of  10  density  cavities  (see 
Fig.  1).  The  rms  value  of  the  density  fluctuations  was 
15%,  while  the  localized  cavity  depth  was  0.2-0.3.  An 
electric  field  was  turned-on  at  uHt  *700.  It  can  be 
seen  that  the  value  of  the  acceleration  was  substantially 
smaller  than  free  streaming. 

In  another  run  the  Vlasov  code  was  used  with  a  con¬ 
stant  dipole  pump  of  energy  £j/8vn,T«o*0.1.  Such  a  run 
simulates  the  possibility  of  a  microwave  or  laser  pump 


FIG.  6.  The  different  Ion  densities  for  the  Vlasov  simulation 
shown  on  Fig.  4.  6s</*«*0.2.  All  four  simulations  gave  the 
same  responae. 
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FIG.  7.  The  reaponse  of  the  electrons  to  a  dc  electric  field 
with  an  electron  beam  present.  The  electric  field  was  turned 
on  at  400u^.  The  ion  density  at  400u^  Is  shown  In  Fig.  1. 
Note  that  die  ion  cavities  in  this  simulation  are  generated 
self-cons  is tently. 


at  <1 >M  across  the  current  carrying  system.  A  large 
single  cavity  was  formed  in  this  case.  The  plasma 
response  was  again  consistent  with  the  simple  theo¬ 
retical  picture. 

Next,  we  considered  the  effects  of  ion  cavities  on  an 
existing  dc  current.  Figure  8  shows  the  results  from  a 
Vlasov  simulation  where  the  electrons  have  an  initial 
drift,  vt,  equal  to -0.5vu;  T,-Tt  and,  hence,  the  cur¬ 
rent  is  stable.  Between  0  and  200  uiM,  a  long  wavelength 
Langmuir  wave  is  brought  up  in  the  plasma  with  £|/ 
SvTfO  “  1  and  *=  20  v„  (fe0  is  the  wavenumber  of  the 

Langmuir  wave).  The  system  length  is  128  A  D  and  the 
ion-electron  mass  ratio  is  100.  Since  £j/8jrnTw»  f 
(*„>„)*,  this  wave  is  nonlinear ly  unstable  and  we  see 
the  transfer  of  the  field  energy  to  localized  spikey  fields 
where  it  can  be  resonantly  absorbed  by  the  electrons. 
Simultaneously,  this  leads  to  the  formation  of  ion 
cavities  inside  of  which  the  spikey  fields  are  trapped 
[Fig.  8(a)].  A  series  of  such  simulations  without  a  dc 
are  reported  in  Ref.  8.  In  particular,  Figs.  12,  13, 
and  14  of  Ref.  8  provide  a  dynamical  picture  of  the 
formation  of  the  spikey  turbulence  and  ion  cavities. 

In  Fig.  8(b)  we  show  the  electron  and  ion  momentum 
normalized  to  Initially,  the  electrons  drift 

freely  through  the  stationary  ions.  As  the  strong  tur¬ 
bulence  begins  to  drive  up  the  ion  cavities  the  elec¬ 
trons  and  ions  start  to  couple.  At  the  time  the  ion 
cavities  reach  this  maximum  depth  (6n,/w0  =0.28),  we 
see  the  strong  coupling  of  the  electrons  and  ions.  The 
electrons  lose  30%  of  their  Initial  momentum  to  the 
ions.  Figure  9  shows  the  electron  distribution  at  t  »0 
and  2000  u>^*.  One  can  clearly  see  that  the  low  energy 
electrons  have  been  blocked  and  shifted  to  smaller 
velocities. 

As  can  be  seen  in  Figs.  4  and  9,  the  presence  of  the 
ion  cavities  can  lead  to  the  formation  of  a  double 
peaked  electron  velocity  distribution.  If  a  dc  electric 
field  is  continuously  applied  to  the  plasma,  one  would 
see  the  formation  of  a  runaway  beam  of  electrons.  The 
behavior  of  the  plasma  on  these  longer  time  scales 
depends  upon  how  these  beams  are  thermalized.  One 


FIG.  8.  The  effect  of  strong  turbulence  collapse  on  a  electron 
current,  (a)  This  shows  the  time  evolution  of  the  total  field 
energy  (•)  and  (Atj/sj)1!*).  For  this  simulation  a  long  wave¬ 
length  Langmuir  wave  with  a  phase  velocity  equal  to  20  vu  fa 
brought  up  In  the  system  between  0  and  ZOOui^1.  At  200u^>  all 
of  the  field  energy  was  In  the  long  wavelength  mode.  Strong 
turbulence  acts  to  transfer  the  energy  to  shorter  wavelength 
modes  which  can  resonantly  interact  with  the  electrons, 
damping  the  high  frequency  fields.  At  the  same  time  the 
strong  turbulence  drives  up  ion  cavities,  (b)  This  shows  the 
time  history  of  die  electron  (•)  and  ion  (*)  momentum.  Init¬ 
ially,  the  electrons  have  a  drift  of  0.S  v„  and  the  ions  are 
stationary.  T,mTt  and  therefore  the  drift  is  stable.  As  the 
Ion  cavities  are  driven  up,  the  ions  snd  the  electrons  are 
coupled.  The  electrons  are  slowed  down  with  the  momentum 
being  gained  by  the  ions. 


possibility  is  a  two  stream  Interaction  between  the 
trapped  and  untrapped  electrons.  How  this  process 
evolves  depends  upon  the  ratio  of  trapped  to  untrapped 
electrons  and  the  spacing  between  the  ion  cavities. 

Also,  on  these  longer  time  scales,  the- evolution  of  the 
ion  cavities  becomes  important  and  this  depends  upon 
how  the  ion  cavities  are  generated.  As  discussed  in 
Ref.  8 ,  if  the  cavities  are  generated  via  strong  turbulence 
due  to  the  beam  plasma  instability,  one  can  see  different 
behavior  depending  upon  the  strength  of  the  beam  and 
the  electron  ion  temperature  ratio.  For  example,  when 
W/nTt>  0.1  and  T,=»  T,,  the  ion  cavities  will  begin  to 
damp  on  longer  time  scales  following  the  Initial  stabil¬ 
ization  of  the  beam.  Figure  1  of  Ref.  8  shows  this 
behavior  as  seen  with  the  hybrid  code  and  with  the 
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FIG.  9.  The  electron  distribution  for  the  simulation  shown  in 
Fig.  8(a),  t  *0.  (b)  f- 2000u^‘.  The  low  velocity  electrons 
have  been  trapped  by  the  finite  ion  cavities. 


Vlasov  code.  Except  for  the  fact  that  there  was  no  ex¬ 
ternal  dc  field  applied  In  those  simulations,  they  are 
the  same  as  the  simulation  shown  in  Fig.  7.  As  the  ion 
cavities  are  damped  away  by  Landau  damping  on  the 
ions,  fewer  particles  are  trapped  and  the  bulk  accelera¬ 
tion  starts  to  increase.  This  is  what  we  begin  to  see  at 
the  end  of  the  simulation  shown  in  Fig.  7.  However ,  as 
the  level  of  ion  turbulence  drops,  the  beam  plasma 
instability  starts  to  grow  again.  This  acts  to  drive  the 
ion  cavities  back  up.  This  long  term  behavior  can  be 
seen  in  Fig.  4  of  Ref.  8.  Also  note  that  the  damping  of 
the  ion  cavities  as  seen  in  the  simulations  takes  place 
on  a  faster  time  scale  because  of  the  artifical  mass 
ratio.  This  periodic  reappearance  of  the  beam-plasma 
instability  and  strong  turbulence  could  lead  to  periodic 
quenching  of  the  current.  However,  in  other  parameter 
regimes  the  ion  cavities  are  much  more  stable  In  time. 
Because  of  this  large  number  of  parameters,  the  follow¬ 
ing  simulation  should  be  viewed  as  only  an  example  of 
how  these  runaway  beams  could  be  thermallzed.  It  is 
most  interesting  however  because  of  its  connection  with 
some  earlier  work  on  runaway  electrons.1*  To  study 
this  interaction  we  ran  a  simulation  similar  to  the  one 
shown  In  Fig.  8  where  the  ion  cavities  were  created  by 
the  strong  turbulence  collapse  of  a  high  phase  velocity 
Langmuir  wave.  The  simulation  parameters  are  the 
same  as  those  of  the  simulation  shown  in  Fig.  8  except 
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FIG.  10.  On  longer  time  scales  the  acceleration  of  the  un¬ 
trapped  electrons  can  lead  to  the  appearance  of  die  two-stream 
instability.  The  ion  cavities  were  generated  by  the  collapse 
of  a  long  wavelength  Langmuir  wave  and  then.  In  order  to 
study  only  the  electron  dynamics,  they  were  fixed.  The  maxi¬ 
mum  6n(/n0  was  0.21.  A  constant  dc  field  was  then  applied  to 
the  electrons,  (a)  This  shows  die  initial  splitting  of  the  trap¬ 
ped  and  untrapped  electrons,  (b)  The  distribution  1600u£^ 
later.  When  the  separation  between  the  peaks  of  the  two  dis¬ 
tributions  became  greater  than  1.5  vw,  a  two-stream  Instabil¬ 
ity  was  triggered.  This  lead  to  the  growth  of  electrostatic 
waves  with  phase  velocities  midway  between  the  two  pesks  and 
a  flattening  of  the  runaway  distribution. 


that  there  was  no  initial  electron  drift.  As  before, 
the  collapse  of  the  wave  led  to  the  formation  of  ion 
cavities  with  most  of  the  high  frequency  field  energy 
going  Into  the  production  of  superthermal  electron 
tails.  At  this  point  we  applied  a  dc  electric  field  and 
In  order  to  look  at  just  the  electron  thermallzation,  we 
froze  the  ions.  The  ions  had  three  large  cavities  and 
two  smaller  ones.  The  maximum  depth  was  On, /it, 

“  0.21.  We  again  saw  the  initial  splitting  of  the  electron 
distribution  [Fig.  10(a)].  As  we  continued  to  accelerate 
the  electrons,  the  velocity  difference  between  the 
trapped  and  untrapped  particles  Increased  and  the  rela¬ 
tive  minimum  in  the  distribution  function  between  the 
two  peaks  increased.  When  the  separation  between  the 
peaks  became  greater  than  approximately  l.S  to  2 
timee  the  electron  thermal  velocity,  we  began  to  see 
the  growth  of  electrostatic  waves  and  a  filling  In  of  the 
valley  between  the  two  peaks.  Since  6fi|  »0.21  a,,  the 
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rapped  and  untrapped  electron  distributions  have 
;luse  to  the  same  density.  This  threshold  lor  instabil- 
ty  is  in  good  agreement  with  the  Penrose  stability 
:riterion  for  two  equal  density,  warm  beams.  Figure 
10(b)  shows  the  electron  distribution  1600  later. 

For  the  constant  electric  field  used  the  electron  should 
iave  Increased  their  velocity  by  1.28  ti^.  The  leading 
idge  of  the  untrapped  electrons  has  been  accelerated 
:o  the  free  streaming  velocity.  However,  the  low 
/eloclty  part  of  the  distribution  is  still  trapped  by  the 
ion  cavities  and  the  free  electrons  have  formed  a  long 
flat  runaway  distribution.  This  distribution  [Fig.  10(b)] 
should  be  compared  with  the  distribution  shown  in  Fig. 

1  of  Bef.  12.  It  was  shown  in  this  paper  that  an  electron 
distribution  with  such  a  long  flat  tall  can  be  driven  un¬ 
stable  by  the  resonant  transfer  of  tall  particle  energy  to 
j>, cosfl  waves.  This  leads  to  the  formation  of  a  positive 
slope  on  the  tail  distribution  which  is  unstable.  The 
overall  effect  is  a  large  pitch  angle  diffusion  of  the  tail 
particles  and  a  reduction  in  the  velocity  of  the  leading 
edge  of  the  runaway  distribution.  As  discussed  here 
the  effect  of  the  ion  cavities  is  to  split  the  electron  dis¬ 
tribution  into  two  parts.  The  part  trapped  by  the  ion 
cavities  cannot  respond  to  the  dc  electric  field.  The  un¬ 
trapped  part  gets  pulled  out  to  higher  velocities  and 
can  form  a  long  flat  runaway  tail.  While  the  response 
of  the  plasma  electrons  to  the  dc  field  has  been  greatly 
reduced,  the  leading  edge  of  the  distribution  can  still 
run  away.  If  we  now  include  the  pitch  angle  diffusion 
of  the  leading  edge  of  the  beam  as  shown  In  Ref.  11,  it 
may  be  possible  to  prevent  the  untrapped  electrons 
from  running  away.  We  are  presently  carrying  out 
simulations  to  study,  simultaneously,  the  effects  of 
finite  ion  cavities  and  pitch  angle  scattering. 

Preliminary  results  from  simulations  with  fixed  ion 
cavities  and  the  same  parameters  as  those  in  Bef.  11 
show  that  the  pitch  angle  scattering  does  strongly  limit 
the  acceleration  of  the  runaways  while  the  ion  cavities 
prevent  the  acceleration  of  the  main  body  of  the  elec¬ 
tron  distribution. 

The  simulation  results  reported  here  are  all  one 
dimensional.  Recent  simulation  results11  of  the  study 
of  the  turbulent  collapse  of  Langmuir  waves  in  two 
dimensions  in  a  magnetic  field  indicate  that,  for  an 
initial  spectrum  of  waves  parallel  to  the  magnetic 
field  with  a  small  transverse  spread  such  as  would  be 
generated  by  a  warm  electron  beam,  the  ion  cavities 
that  form  are  much  wider  across  the  field  than  in  the 
parallel  direction.  Most  importantly  for  our  work,  the 
transverse  scale  is  much  greater  than  the  electron 
gyroradius  so  that  the  low  velocity  electrons  will  see 
a  one-diemensional  barrier  due  to  the  cavities. 

IV.  SUMMARY  AND  CONCLUSIONS 

The  results  reported  here  should  be  considered  as  a 
preliminary  but  major  step  In  understanding  and 
modeling  the  long  time  anomalous  resistivity  in  one 
dimension.  Referring  first  to  our  self-consistent  results 
we  demonstrated  that: 

(a)  In  agreement  with  previous  studies  the  presence 
of  electron  beams*"*’1*  or  externally  Imposed  high  fre¬ 
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quency  (wM)  electromagnetic  fields,11  large  local  density 
cavities  (Wn„®  0.2-0.6)  can  be  formed. 

(b)  The  potentials  associated  with  these  cavities  are 
large  enough  to  trap  a  significant  fraction  of  the  ther¬ 
mal  electrons,  so  that  the  entire  current  will  be 
carried  by  a  small  fraction  of  untrapped  electrons. 

This  effect  will  appear  experimentally  as  an  enhanced 
resistance  and  the  appearance  of  localized  runaway 
beams.  The  long  time  scale  behavior  of  the  system 
will  depend  on  how  these  beams  are  thermalized.  A 
possible  mechanism  is  further  two-stream  interaction 
of  the  runaways  with  the  trapped  electrons.  This  pro¬ 
cess  will  depend  critically  on  the  spacing  among  cavit¬ 
ies  and  is  presently  under  study.  The  preliminary  simu¬ 
lation  results  indicate  that  this  can  lead  to  the  forma¬ 
tion  of  a  flat  runaway  distribution.  This  type  of  dis¬ 
tribution  has  been  shown  to  be  unstable  to  pitch  angle 
scattering  in  a  strong  magnetic  field.11  This  acts  to 
reduce  the  velocity  of  the  high  velocity  edge  of  the  run¬ 
away  beam.  By  combining  these  two  effects,  it  may  be 
possible  to  produce  a  quasi-steady  current  in  the 
presence  of  a  constant  dc  electric  field. 

Furthermore,  the  results  of  the  first  simulations 
demonstrated  that  similar  resistivity  will  appear  any 
time  an  instability  can  create  finite  amplitude  density 
fluctuations.  The  ion  cyclotron  Instability  seems  to  be 
a  good  candidate  and  is  currently  under  study. 

In  concluding  we  mention  that  these  concepts  can 
help  in  understanding  return  current  heating  in  beam- 
plasma  interactions  and  extend  the  Papadopoulos- 
Coffey  anomalous  resistivity  in  the  auroral  zones  to 
regions  where  1.  The  results  of  the  constant 

pump  runs  suggest  the  possibility  that  a  laser  created 
corona  with  large  cavities  can  produce  short  electron 
beam  deposition  lengths  for  e-beam-pellet  fusion. 
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Abstract 


Conditions  that  exist  along  auroral  field  lines 

(6n. /n  >  .25,  fl  /w  >1)  act  to  break  the  adiabatic 
i  o  e  e 

invariance  of  the  electron  magnetic  moment,  cause  strong 
anomalous  dc  resistivity  and  generate  electron  distributions 
in  good  agreement  with  observations. 
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X.  INTRODUCTION 

The  understanding  of  acceleration  processes  In  the  auroral  zones, 

due  to  parallel  electric  fields  (E^),  is  closely  connected  with  the 

problem  of  one  dimensional  anomalous  resisivity  and  the  breakdown  of 

runaway  acceleration.  The  one  dimensional  aspect  of  the  problem  cooes 

from  the  fact  that  in  the  auroral  regions  of  interest  (i.e.  h  >  1000 

km),  ft  /o>  >  1  (where  u  .ft  are  the  plasma  and  cyclotron  frequencies), 

e  e  e’  e 

In  this  case,  the  Larmor  radius  of  the  electrons  is  less  than  the  Debye 

length,  so  that  even  in  the  case  of  ion  acoustic  turbulence  of  Debye 

2 

length  scales,  the  magnetic  moment  of  the  electrons  (p  *  mv*/2B)is  an 

adiabatic  invariant.  The  weak  magnetic  field  case  (ai  »  ft  )  results 

e  e 

related  to  anomalous  resistivity  are  not  directly  applicable.  This  is 

obvious  since  the  physical  process  by  which  anomalous  resistivity 

results  when  u  »  ft  ,  is  the  interaction  of  electrons  with  low 
e  e 

frequency  fluctuations  which  has  the  form  of  elastic  scattering.  The 
rapid  scattering  of  the  electrons  then  converts  the  directed  velocity 
into  heating  and  the  appearance  of  anomalous  resistivity.  For  ft^  > 
the  elastic  scattering  is  not  allowed  since  p  is  constant  and  the 

i  *  / 

electrons  can  only  slow  down  by  parallel  diffusion.  However,  as  noted 
by  Petviashviti  (1963),  the  parallel  diffusion  is  accompanied  by  the 
formation  of  a  quasilinear  plateau,  which  reduces  the  anomalous  friction 
and  produces  trivial  resistivity  changes,  independently  of  the  amplitude 
of  the  low  frequency  waves.  A  corollary,  puzzle  is  what,  if  anything, 
inhibits  the  electrons  in  the  plateau  region  as  well  as  the  negative 
slope  region  from  freely  accelerating  fDupree  (1970);  Papadopoulos 
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(1977)].  If  distributed  parallel  electric  fields  are  to  exist  in  the 
auroral  regions,  the  above  questions  should  be  answered. 

It  is  the  purpose  of  the  present  letter  to  demonstrate  that  under 
conditions  prevailing  in  the  aurora,  the  conservation  of  the  first 
adiabatic  invariance  is  violated  for  electrons  above  a  certain  threshold 
velocity.  This  effect  combined  with  trapping  of  a  major  portion  of  the 
electron  distibution  function,  by  large  amplitude  ion  cyclotron  waves 
such  as  observed  by  S3-3  (Kintner  et  al,  1978)  and  in  laboratory 
experiments  (Bohmer  and  Fornaca,  1979),  is  sufficient  to  answer  the 
major  questions  posed  above  and  reproduce  most  of  the  observed  features 
of  the  auroral  energetic  electron  fluxes. 
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II.  PHYSICAL  MODEL 


Consider  a  plasma  in  a  uniform  magnetic  field  B  with  n  >uj  .  and  an 

electric  field  E^,  parallel  to  B^,  which  causes  the  electrons  to  acquire 

a  drift  velocity  vd  such  that  for  a  T^Tj  -  1  plasma  drives  an  ion 

cyclotron  wave.  There  are  two  basic  questions  to  be  answered.  First, 

what  ultimately  limits  the  growth?  Second,  what,  if  anything,  inhibits 

the  electrons  from  freely  accelerating? 

Several  processes  have  been  discussed  in  the  literature  for 

limiting  the  growth  (Dum  and  Dupree,  1970;  Palmadesso  et  al. ,  1974).  In 

view  of  the  recent  experimental  evidence  for  large  amplitude 

(6n/n  -  1/2)  oherent  ion  cyclotron  waves  in  the  aurora  (Kintner  et  al. 

1978)  we  consider  here  trapping  as  the  basic  stabilization  mechanism. 

The  effect  of  large  amplitude  low  frequency  density  fluctuations  on  the 

plasma  resistivity  has  been  recently  examined  by  Rowland  et  al. 

(1981).  It  was  shown,  that  by  including  the  quasineutrality  effect, 

most  of  the  electrons  can  be  trapped  for  6n/n  >  1/4.  The  electron 

distribution  function  is  composed  of  a  central  part  carrying  little  or 

no  current,  and  a  runaway  tail  of  density  n,.  due  to  the  untrapped 

electrons,  which  carry  the  current.  Therefore  J(t)  -  n^ev^Ct)  where  the 

ratio  nr/n  is  controlled  by  the  level  of  6^/n;  as  shown  in  Rowland  et  al. 

(1981),  while  in  the  absence  of  a  mechanism  that  can  break  the  adiabatic 

invariance  of  the  energetic  electrons,  v  ■  (eE  /m)t.  From  the  above  we 

r  o 

see  that  the  existence  of  a  steady  or  quasisteady  state  reduces  to  the 
answer  to  the  second  question,  l.e.  the  mechanism  that  can  Inhibit  the 
free  acceleration  of  runaways. 
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To  answer  this  question,  we  examine  the  stability  of  distributions 
which  are  composed  of  a  cold  core  with  a  runaway  tail.  The  linear 
stability  was  studied  by  Kadomtsev  and  Pogutse  (1967),  who  showed  that 
low  frequency  oscillations  wk  -  /k  «  Jl^,  where  is  the  wave 
vector  along  the  magnetic  field,  are  unstable  even  for  flat 
distributions.  These  modes  are  principally  driven  by  the  first 
cyclotron  resonance  at  velocities  (to,  +n  )/k  .  '  The  instability  has  a 

K  6  B 

2 

growth  rate  m  n^/n  (id^A 1  )  to^  .  The  nonlinear  theory  of  the 

instability  has  been  studied  extensively  (Papadopoulos  et  al.  1977,  Liu 

et  al.  1977,  Haber  et  al.  1978).  It  was  shown  there  that  it  results  in  a 

fast  isotropization  for  particles  with  velocities  v  >  v  <■  3(J2  /to  )v 

I  c  e  e  te 

(vte  is  the  electron  thermal  velocity).  A  consequence  of  this  is  the 
breakdown  of  the  adiabatic  invariance  for  electrons  with  v.  >  v  .  An 
additional  slowing  down  process  was  discussed  first  in  Papadopoulos  et 
al.  (1977)  and  confirmed  by  particle  simulations  by  Haber  et  al. 

(1978).  Since  only  particles  with  v^  >  v£  participate  in  the  resonant 
scattering  and  have  their  v(  reduced,  electrons  will  tend  to  pile  up  at 
vc  leading  to  the  formation  of  a  beam.  This  distribution  function  can 
suffer  friction  in  the  parallel  direction  due  to  wave  emission  not  only 
by  the  cyclotron  resonance  but  also  by  Cerenkov  type  beam  plasma 
instability  at  the  lower  or  upper  hybrid  branch.  Moreover  in  the 
presence  of  a  constant  dc  electric  field  this  piling  up  can  be  enhanced 
by  particles  being  accelerated  up  from  lower  velocities.  This 
reappearance  of  an  electron  beam  and  the  slowing  down  of  the  electrons 
in  the  parallel  direction  will  further  isotropize  the  electron 
distribution  function. 
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Another  interesting  effect  that  is  seen  in  the  simulations  is  the 
acceleration  of  particles  in  the  opposite  direction  to  the  electric 
field.  The  electrostatic  waves  that  are  generated  in  the  parallel 
direction  can  be  backscattered  by  the  ion  fluctuations  and  create 
superthennal  tails  by  Landau  damping.  These  particles  can  also  Interact 
via  the  normal  Doppler  resonance  [v  -  (w.-Q  )/k  ]  with  the  waves  that 

•C  6  I 

are  pitch  angle  scattering  the  runaways  and  isotropize  the  counter 
streaming  particles. 
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III.  Simulations 


We  report  next  the  results  from  a  series  of  particle  simulations 

that  combine  the  effects  of  finite  ion  cavities  and  pitch  angle 

scattering  at  the  anomalous  Doppler  resonance  (ADR).  The  parameters  for 

the  simulations  are  the  same  as  those  used  by  Haber  et  al.  (1978). 

However,  instead  of  starting  with  a  runaway  distribution,  we  start  with 

a  Maxwellian  distribution  and  a  fixed  ion  cavity  with  an  effective  depth 

of  0.3.  We  will  apply  a  constant  dc  field  to  show  the  formation  of  the 

runaway  distribution  such  as  was  seen  in  the  earlier  strictly  one 

dimensional  simulations  of  Rowland  et  al.  (1981).  We  will  then  continue 

to  drive  the  electrons  to  determine  the  effect  of  the  pitch  angle 

scattering  on  the  further  acceleration  of  the  electrons. 

Fig.  la  shows  the  initial  electron  distribution.  The  magnetic 

field  is  at  55°  to  the  x  axis  and  0  =  2u>  .  The  electric  field  is 

e  e 

parallel  to  B  and  has  a  magnitude  of  0.01(m/e)v  u  [where  m(e)  is  the 

teo  e 

electron  mass  (charge)  and  vteo  is  initial  electron  thermal  velocity  and 

ue  is  the  olasma  frequency].  Fig.  2b  shows  the  electron  velocity 

distribution  at  2000  The  ion  cavity  has  prevented  the  bulk  of 

e 

electrons  from  being  accelerated  and  one  can  see  the  cold  dense  core  of 
electrons  at  zero  velocity.  The  untrapped  electrons  accelerated  along 
the  magnetic  field  forming  a  flat  runaway  tail.  One  can  see  that  the 
temperature  of  the  electrons  transverse  to  the  field  did  not  increase 
and  up  to  this  point  the  acceleration  was  ID  parallel  to  the  magnetic 
field.  However,  the  high  velocity  edge  of  the  distribution  has  become 
greater  than  vc  and  these  particles  started  to  pitch  angle  scatter  as 
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seen  by  the  spreading  of  the  upper  edge  of  the  distribution. 

At  this  point  in  time,  that  2D  effects  started  taking  place,  the  - 

simulation  was  stopped.  This  state  was  used  as  an  Initial  state  for  a 

series  simulations  using  different  values  for  the  external  dc  electric 

field.  Our  earlier  theoretical  and  computational  work  [Rowland  et  al. 

(1981)]  demonstrated  that  during  the  initial  ID  stage,  changing  the 

strength  of  the  dc  electric  field  did  not  effect  the  formation  of  the 

runaway  distribution  beyond  changes  in  the  timescale;  namely  with  a 

stronger  electric  field  the  runaway  distribution  formed  faster.  The 

simulation  presented  in  detail  here  had  an  electric  field  starting  from 
—1  —3 

2000  u  of  magnitude  2*  10  (m  /q)  v.  u  .  As  the  pitch  angle 
e  e  teo  e 

scattering  continues,  the  formation  of  a  beam  in  the  parallel  direction 

similar  to  the  one  seen  by  Haber  et  al.  (1978)  is  observed.  The  region 

of  positive  slope  is  unstable  to  Cherenkov  interactions  with  both  lower 

and  upper  hybri.-l  waves.  This  acts  to  reduce  the  parallel  current  and  to 

further  symmeterize  the  distribution.  Fig.  2a  shows  the  distribution  at 

3800  u)  •  No  further  parallel  acceleration  of  the  electrons  is 
e 

observed.  Electrons  with  v.  >  v  which  could  be  pitch  angle  scattered 

I  c 

to  large  ▼  were  slowed  down  by  the  beam  instability.  Thus  one  sees 
electrons  with  v.  <  v  but  with  v,  »  v.  .  This  isotropization 
continues.  Fig.  2b  shows  the  electron  distribution  function  at 
8800  of1.  It  is  composed  of  a  cold  dense  core  of  electrons  surrounded 
by  a  hot,  isotropic  cloud. 

Fig.  3  shows  the  parallel  electron  'distribution  at  2400,  3200, 

4800,  8800  u>~*  (a,b,c,d).  The  high  velocity  beam  seen  at  2400  is 

-I  ' 

due  to  the  pitch  angle  scattering.  By  3200  we  beam  instabilities  have 


G- 10 


t 


flattened  the  runaway  distribution.  It  is  clearly  seen  that  the 
instability  at  the  anomalous  Doppler  resonance  prevents  electron 
runaway.  If  the  high  velocity  electrons  had  continued  to  freely 
accelerate  the  upper  edge  of  the  distribution  would  have  been  at  the 
right  edge  of  Fig.  Ad. 

Fig.  A  shows  the  growth  of  the  parallel  drift  velocity  normalize  to 

the  Initial  electron  thermal  velocity.  Note  that  the  time  axis  between 

0  and  2000  is  stretched  by  a  factor  of  five  to  compensate  for  E0 

being  five  times  larger  during  that  time.  Thus  the  time  axis  is  linear 

in  terms  of  the  effective  acceleration  time,  E  t.  Between  0  and 

o 

150  u,  1  the  ion  cavity  was  adiabatically  formed  in  the  plasma.  At 

150  o)  *  the  dc  electric  field  was  turned  on.  The  solid  line  shows  for 
e 

comparison  the  rate  of  acceleration  of  the  electrons  in  the  absence  of 

the  cavity.  Between  150  and  2000  we  have  essentially  a  ID  system 

parallel  to  the  magnetic  field.  The  cavities  prevent  the  acceleration 

of  the  bulk  of  the  plasma  and  the  current  is  carried  by  a  small  fraction 

of  high  velocity  electrons  streaming  along  the  field  lines.  At 

approximately  2000  the  velocity  of  the  fastest  particles  >  vc  and 

pitch  angle  scattering  begins;  the  high  velocity  electrons  are  heated  in 

the  transverse  direction  with  v^  becoming  >  vteo  and  the  adiabatic 

Invariance  is  broken.  The  current  continues  to  increase  until 

approximately  2300  when  the  instability  at  the  ADR  has  grown  to  such 

a  level  that  it  removes  energy  from  the  parallel  motion  slowing  the 

electrons  down  faster  than  EQ  accelerates  them.  The  current  is  clamped 

and  strong  transverse  heating  is  observed.  Finally,  at  much  longer 

times  (>  7000  u>  the  current  begins  to  increase  again  but  at  a  slower 
~  e 
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rate  than  during  the  ID  stage.  For  v.  >  v  the  instability  heated  the 

i  e 

plasma  so  that  af/Bv^  -  3f/3v^  (or  T(  *  T^).  The  electric  field  can 
begin  to  increase  v  for  these  particles  but  the  rate  of  increase  is 
slowed  due  to  pitch  angle  scattering  which  acts  to  keep  T^  -  T^.  The 
increase  in  the  current  can  be  seen  in  Fig.  3.  The  cutoff  at  vc  is 
still  being  maintained  but  a  few  particles  are  accelerated  to  higher 
velocities. 

Fig.  6  shows  the  log  of  the  electron  distribution  at  t  ■  8800  u>e  • 

A  cold  dense  core  of  trapped  electrons  surrounded  by  the  hot  isotropic 
accelerated  electrons  is  seen.  This  distribution  has  marked  similarity 

*  I 

to  the  auroral  electron  distributions  measured  by  Kaufmann,  et  al 
[1978]. 
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IV.  Conclusions 


The  acceleration  in  the  auroral  zones  is,  of  course,  a  spatial 

problem.  While  temporal  simulations  such  as  reported  here  are  very 

Important  for  understanding  the  basic  microphysics  that  takes  place  in 

the  auroral  environment,  large  scale  macrophysics  simulations  are 

needed.  The  present  results  are  a  necessary  input  before  a  complete 

understanding  of  the  total  system  dynamics  can  be  gained.  Development 

of  such  a  capability  is  presently  underway.  We  present  below  a 

qualitative  picture  of  the  macrostructure  expected  on  the  basis  of  our 

simulations.  The  first  point  is  that  for  the  pitch  angle  scattering  to 

be  effective  requires  £  !♦  Thus  one  would  expect  to  see  strong  dc 

resistivity  and  parallel  elecric  fields  between  2000  to  12000  km.  The 

critical  value  of  the  current  at  which  strong  resistivity  appears, 

increases  with  Thus,  there  exists  a  maximum  critical  current 

that  can  be  carried  along  the  field  line.  Below  this  level  the  ion 

cavities  p.  -*.vent  the  bulk  of  the  electrons  from  being  accelerated  and 

tails  of  field  aligned  electrons  are  formed.  However,  when  this 

critical  current  is  exceeded  one  expects  the  emission  of  both  upper  and 

lower  hybrid  waves,  large  parallel  electric  fields,  and  a  hot 

isotropized  electron  distribution  with  a  cold  dense  core.  The  strongest 

resistivity  and  hence  the  largest  electric  fields  will  appear  in  the 

region  where  the  current  is  clamped.  One  can  make  a  rough  estimate  of 

the  initial  extent  of  this  region  by  assuming  Ar  =  vt  where  v  is  the 

speed  of  the  high  velocity  particles  and  t  is  the  time  over  which  the 

3  —1 

current  is  clamped.  For  the  simulation  shown  t  ■  A. 10  u  . 

e 
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Assuming  n  »  100  cm  and  a  velocity  of  a  keV  electron  this  leads  to  a 
P 

distance  of  200  km.  This  Is  of  course  only  a  rough  order  of  magnitude 

estimate  but  the  main  point  is  that  the  resistivity  and  the  parallel 

electric  fields  should  extend  at  least  initially  over  a  large  region  in 

comparison  to  the  Debye  length  («  3m).  This  is  in  agreement  with  a 

recent  analysis  of  satellite  data  of  potential  drops  along  auroral  field 

lines  [Mozer  (1981)].  The  dynamic  spatial  behavior  is  a  subject  for 

further  study  but  this  region  could  shrink.  For  the  simulation  shown  in 

detail  the  dc  electric  field  E  *  2.7* lCf4  T  1/2n  1/2  (where  T_  is  in 

o  e  p  e 

eV,  np  is  plasma  density  in  cm3  and  E0  is  in  V/m)  for 

t  >  2000  to”1.  For  Tfi  -  20eV  and  ^  =  100,  Eo  *  10-2V/m  and 

Ad>  «*  E  *Ar  =  2keV.  Based  upon  our  series  of  simulation  x  «  E  For 
o  o 

constant  A$  reduction  of  Ar  would  lead  to  a  larger  EQ.  This,  in  turn, 
would  lead  to  a  shorter  x  and  further  reduction  of  Ar.  On  the  other 
hand,  if  the  system  responds  by  raising  $  in  order  to  drive  a  j  >  jcr, 
an  increased  EQ  and  a  shorter  Ar  will  result.  Such  questions  can  only 
be  studied  with  a  large  scale  transport  code.  Another  spatial  effect 
presently  under  study  is  the  anomalous  transport  of  the  hot  electrons 
across  the  magnetic  field  and  out  of  the  acceleration  region.  If  this 
takes  place  at  a  fast  enough  rate  such  that  T^  remains  less  than  T(  the 
current  will  remain  clamped.  In  this  case  x  will  be  determined  by  the 
timescale  for  this  perpendicular  transport. 
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FIGURE  CAPTIONS 


Fig.  1  The  initial  ID  acceleration  of  the  electrons  parallel  to  the 

magnetic  field  B  and  EQ  is  at  55°  to  the  axis,  a)  Initial 

distribution,  b)  distribution  at  2000  u"*^»  The  ion  cavities 

prevent  the  acceleration  of  the  bulk  of  the  electrons. 

Fig.  2  As  the  electrons  continue  to  accelerate  v  >  vc,  the  pitch  angle 

sacttering  breaks  the  Invariance  of  0  and  strong  transverse  heating 

sets  in.  a)  t  •  3800  u  *  b)  t  ■  8800  oi~*. 

e  e 

Fig.  3  The  parallel  electrons  distribution.  The  pitch  angle 

scattering  prevents  the  free  streaming  acceleration  of  the 

electrons  t  *  2400,  3200,  4800,  8800  u>  *  (a,b,c,d). 

e 

Fig.  4  The  average  electron  drift  velocity.  When  v  >  vc,  the  pitch 
angle  scattering  clamps  the  current. 

Fig.  5  A  3D  plot  of  the  log  of  the  electron  distribution  Been  in  Fig. 
2b.  Note  the  cold  central  core  and  the  hot  isotroplzed  electrons. 
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ABSTRACT 

The  ionospheric  plasma  may  be  used  as  a  nonlinear  active  medium  for  the  generation  of  radio 
waves  in  the  ELF/VLF  frequency  range.  A  number  of  different  concepts  have  been  proposed  which  seek 
to  avoid  difficulties  associated  with  large  and  inefficient  ground  or  satellite  based  antennas  by 
creating  a  "virtual”  antenna  in  the  ionospheric  plasma.  There  are  two  major  approaches  to  the  pro¬ 
blem  of  creating  a  radiating  current  pattern  in  the  ionospheric  plasma  without  the  use  of  solid  con¬ 
ductors.  The  first  approach  Involves  the  use  of  ground  based  pulsed  r.f.  transmitters  or  "heaters" 
to  generate  t  periodic  variation  in  the  ionospheric  conductivity  in  regions  where  strong  natural 
current  systems  exist.  The  result  is  an  A.C.  component  of  current  which  radiates  at  the  desired 
frequency.  Modulation  of  the  parallel  conductivity  in  the  auroral  electrojet,  for  example,  leads  to 
the  formation  of  a  closed  circular  Ball  current  pattern  which  acts  like  a  vertical  magnetic  dipole 
antenna.  Modulation  of  the  Pedersen  or  Ball  conductivities  in  this  region  produces  a  double  vortex 
current  pattern  with  a  strong  linear  component  in  the  center,  which  acts  like  a  horizontal  electric 
dipole  radiator.  Studies  are  now  being  conducted  to  determine  the  optimum  altitude  for  modulation, 
power  requirements,  etc.  Preliminary  results  suggest  that  systems  of  this  type  should  he  feasible. 
The  second  approach  to  the  creation  of  a  virtual  antenna  involves  the  generation  and  mode  coupling 
of  two  higher  frequency  waves  to  produce  the  ELF/VLF  signal.  In  simplest  form,  this  method  involves 
the  transfer  of  energy  from  two  waves  (u  ,k  )  and  (uj ,kj)  to  a  low  frequency  third  wave  (u,y 
which  satisfies  the  condition  u  •  si  -uj?<<°u  ,  Wj  and  k  -  k  -kj  in  some  region  of  the  ionosphere. 
Thus  one  can  use  efficient  high  frequency  transmitters  radiating  either  from  the  earth  or  from 
satellites  to  produce  low  frequency  radiation.  Many  variations  of  this  scheme  are  possible, 
depending  on  the  choice  of  high  frequency  modes,  excitation  geometry,  etc.  Again,  results  of  pre¬ 
liminary  studies  of  systems  of  this  type  are  promising.  While  some  of  these  ideas  have  been  sugges¬ 
ted  previously,  considerable  additional  research  is  needed  in  order  to  establish  an  adequate 
theoretical  bass  for  experiment  design  and  for  assessment  of  the  feasibility  of  these  concepts  for 
communications . 

INTRODUCTION 

A  key  Navy  communications  channel,  especially  for  submarine  communications,  utilizes  VLF  and 
ELF  frequencies..  The  technical  and  political  problems  associated  with  direct  generation  of  ELF 
waves  by  ground  based  large  antenna  arrays1  (i.e..  Sanguine  and  Seafarer  projects)  have  been 
recently  reviewed  by  Starkey.2  However,  recent  progress  in  theoretical  and  computational  plasma 
physics,3  allows  us  to  look  confidently  to  the  possibility  of  ELF  generation  and  coupling  in  the 
earth  ionosphere  waveguide,  by  utilizing  the  ionospheric  plasma  as  an  active  medium.*  The  basic 
idea  Involve*  the  formation  of  a  virtual  ELF  antenna  in  the  ionospheric  plasma,  using  modulated  HF 
ionospheric  heaters. *  The  resulting  Interactions  arc  mainly  nonlinear  and  go  much  beyond'the  usual 
Luxemberg  effect  type  ideas.  Conceptually,  a  variety  of  possible  schemes  could  arise,  depending  on 
the  use  of  particular  nonlinear  interactions  and  HF  heaters  based  on  the  ground  or  space.  In  this 
paper  we  present  preliminary  results,  with  respect  to  two  potential  schemes.  Ths  first  one  relies 
on  modulating  pre-existing  ionospheric  currents,  such  as  the  auroral  or  equatorial  clectroje-t.  at 
ELF  frequency,  by  modulating  the  conductivity  of  the-  ionospheric  plasms  through  which  they  flow. 

The  second  relies  on  modified  stimulated  forward  Brlllouin  scattering,  of  two  HF  modes  off  a  low 
frequency  compressible  Alfven  mode. 11,3  The  excited  Alfven  ionospheric  elgenmodc,  couples  in  the 
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•arch  ionosphere  vavcguide  and  tha  horizontal  part  of  lta  alaetrlc  field  penetratea  Into  the  water. 
It  ehould  be  aereaaad  that  a  major  advantage  of  exciting  the  waveguide  from  the  ionosphere  rather 
than  tha  ground  la  the  fact  that  the  relevant  wavelengths  in  the  dielectric  are  10*  smaller  than  la 
free  space  due  to  tha  high  refractive  index.  We  proceed  below  to  discuss  the  two  concepts  sepa¬ 
rately. 

CURRENT  MODULATION 


The  first  approach  Involves  using  a  powerful  ground  antenna  to  modulate  the  ambient  electron 
temperature  T,  at  a  low  frequency.  The  Tt  variation  changes  the  electron-neutral  collision  rate  v 
and  indirectly  modulates  the  ambient  plasma  conductivities  through  their  v  dependence,  i.e., 

9Pe  „  e2  v/d*  ♦  v*) 

ffBe  -  n/<n*  +  v*)  (1) 

°ll«  .*  1/v  . 

V-  J  b 

where  fl  is  the  electron  gyrofrequeney  and  cye,  Ojj,,  c]]e  ere  the  Pedersen,  Ball  and  parallel  conducti¬ 
vities  of  the  electrons,  respectively.  Any  ionospheric  current,  therefore,  oscillates  in  the  modi¬ 
fied  region  at  the  specified  frequency.  The  current  perturbation  serves  as  a  "virtual"  antenna  to 
radiate  electromagnetic  waves.  In  estimating  the  ELF  efficiency  of  the  concept,  the  following  compu¬ 
tations  should  be  performed:  (a)  Determination  of  the  ionospheric  region  where  Te  relaxes  to  its 
ambient  value  at  a  rate  much  faster  than  the  ELF  radiation  frequency  u  (i.e.,  ut  <<  1);  (b)  the 
energy  deposition  altitude  profiles  of  the  HF  power,  and  the  resulting  modifications  in  the  Te  and 
the  electron  conductivity  profiles;  (c)  the  modulated  current  patterns  self  consistently  created  by 
the  conductivity  modulation;  and  (d)  the  resulting  antenna  strength  as  a  function  of  the  frequency 
and  the  HF  radiated  power.  We  have  developed  a  series  of  coupled  numerical  schemes  to  achieve  the 
above  tasks.  We  present  below  some  very  preliminary  results,  for  a  typical  situation  of  an  HF 
antenna  with  EBP  (ERP  -  power  x  antenna  gain)  100  MU,  modulated  at  100  Hz,  for  auroral  electrojet 
parameters.  We  again  caution  the  reader  that  the  results  are  very  preliminary  and  should  be  used 
with  caution. 

The  answer  to  the  first  question  can  be  found  by  the  following  considerations.  The  large  heat 
capacity  of  the  neutrals  does  not  sllov  sny  significant  ion  temperature  change.  This  restricts  Che 
interesting  altitudes  to  regions  uhers  the  electron  conductivity  dominates.  According  te  Fig.  1, 
which  plots  the  ambient  conductivity  profiles  versus  the  altitude,  this  region  lies  below  100  km  in 
altitude.  Another  important  factor  in  determining  the  optimal  heating  region  arises  from  the  relaxa¬ 
tion  process  of  electron  energy.  Specifically,  in  order  to  modulate  the  electron  temperature  at  ELF, 
Ic  must  relax  to  lta  ambient  value  In  a  time  scale  shorter  than  the  modulation  period.  Therefore,  we 
are  restricted  to  conduct  the  experiment  In  a  region  where  iv  »  f,  with  6  the  average  fraction  of 
energy  lost  in  each  collision  (i  ~  10" 5 )  and  f  the  modulation  frequency.  This  additional  requirement 
further  limits  the  Interesting  region  to  under  90  km  in  altitude. 


In  computing  the  conductivity  modifications 


dT  /  \  Q  R(z)  r  '  *  T 

dir  -  (ir)4frr-«p  [-*/  «*'>**]  -w»> 


where  Qg  is  the  effective  radiation  power  (ERF).  The  absorption  coefficient  K(z)  corresponds  to  the 
Inverse  of  the  local  wave  attenuation  length  and,  for  the  case  of  parallel  field  propagation,  can  bs 
expressed  as  . 

w  * 

if"  Ivi  +Vh*  «■*]  (3> 

vhera  the  4-  and  -  signs  correspond  to  the  polarization  of  the  ordinary  (0)  and  extra-ordinary  (X) 
mode,  and  a>e  is  the  plains  frequency.  We  note  that  at  lover  ionospheric  heights  the  electron  heat 
conduction  is  negligible  and  the  electron  density  variations  are  due  to  changes  in  the  recombination 
rate  which  are  also  negligible.  Equations  (2)  and  (3)  constitute  the  basic  heating  equations  and 
can  be  solved  by  numerical  integration.  Beating  curvas  are  presented  in  Fig.  2  for  the  typical 
case;  we  plot  the  electron  temperature  T(  as  s  function  of  altitude  after  1  msec  of  X  and  0  mode 
heating.  Most  efficient  absorption  is  ensurad  by  selecting  the  frequency  stuh~Q  which  maximises 
the  absorption  coefficient  in  (3).  One  important  feature  of  this  figure  is  that  the  wave  energy  of 
the  X  mode  gets  absorbed  rapidly  at  70  km  with  little  heating  observed  above  78  km..  This  can  be 
understood  as  follows.  Atm.  “0,  the  absorption  coefficient  has  the  simple  relation  K(s)  «  Ke(z)/ 
v(s) .  A  sharp  decrease  in  v*  from  60  to  70  km  leads  to  a  marked  Increase  in  K(z)  and  suppresses  dis¬ 
sipation  by  reducing  the  background  neutral  collisions.  This  eraates  profound  peaks  in  the  tempera¬ 
ture  profile.  At  a  higher  heating  frequency 93,  as  shown  in  the  same  figure,  the  absorption 
coefficient  K(s)  “  N,(s)  v(x)A*J*  decreases  gradually  with  height  and  the  heated  Tc  profile  exhibits 
no  peak.  This  suggests  that  tnt  heating  characteristics  are  sensitive  to  both  vave  frequency  and 
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Figure  2.  Modified  electron  temperature  profile*  Tc(x)  after  1  msec  of 
.heating  at  tvo  different  wave  frequencies.  X  and  0  represent  the  extra 
ordinary  and  ordinary  node*  of  propagation. 


Figure  3.  Illustration  of  the  perturbeu  current  pattern,  me  modified 
region  le  specified  by  the  dotted  circle  with  a  radius  of  10  k».  The 
sob  lent  electric  field  in  this  case  Is  taken  to  be  Eg  -  25  mV/m  In  the 
x  direction  and  the  magnetic  field  points  Into  the  paper. 


background  neutral  and  electron  concentration*.*  In  Pig.  2,  the  percentage  changes  of  total, 
conductivities  at  the  temperature  peak  (for  the  X  code)  are  estimated  to  be  -35Z  for  Og  aa d  -70Z 
for  oH. 


To  simplify  the  description  of  the  Ionospheric  current  modulation,  ve  reduce  the  problem  to  tvo 
dimensions  by  Introducing  the  height-integrated  conductivities  Zg  and  Zg.  The  height-integrated 
current  density  Is  then  . 


J  «  I  •  E 


where 
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Is  the  conductivity  tensor.  The  total  electric  'field  £  is  the  sum  of  an  ambient  field  Eg  and  a  per¬ 
turbation  Xj  "  -Vq.  with  Eg  pointing  in  the  x  direction.  Proa  Che  current  continuity  equation 
V»J  -0.  we  obtain 
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This  equation  Is  solved  numerically  for  4(x,y)  with  e  given  set  of  Zg  and  Zg  profiles, 
one  caa  calculate  the  current  perturbation  jtj  from  the  expression 

An  Illustration  of  thla  current  pattern  la  presented  la  Pig.  3. 
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Proa  this  figure  ve  can  see  that  the  current  perturbations  fora  a  double  vortex  flow  pattern 
with  a  strong  linear  component  in  the  center.  This  eonponent  is  In  the  opposite  direction  of  the 
ambient  Pedersen  current  and  is  located  inside  the  main  lobe  of  the  conductivity  profile.  I 
As  seen  fron  Fig.  3  the  flow  pattern  corresponds  to  an  equivalent  horizontal  electric  dipole  radia¬ 
tion  source.  The  strength  of  the  dipole  can  be  determined,  by  numerically  integrating  over  the  dis¬ 
tribution  Jj(x,y).  The  resulting  dipole  moment  for  ionospheric  electric  fields  of  the  order 
E  -  25  nV/m,  is  on  the  order  of  101*  Ap.  Using  Veit's  formula,*  we  can  estimate  the  ELF  field  on  the 
ground  il  I»  10~*V/a  and  8  “  10~7  A/m  Indicative  of  interesting  signs!  to  noise  ratios. 


PARAMETRIC  Excrrmco 


The  parametric  excitation  of  ELF,  does  not  rely  on  the  presence  of  Ionospheric  currents 
providing  ms  with  greeter  freedom  in  site  s-leeHon  and  relative  independence  from  the  Ionospheric 
state.  The  particular  nonlinear  mechanism  considered  Is  the  parametric  decay  of  an  RF  punp  radio— 
wave  («o0,  kg),  where  »0  »  o»c,  into  a  low  frequency  (o,k)  compression*!  Alfven  wave  and  a  high  fre¬ 
quency  sideband  »x  -  »g  -  «,  kj  -  £©  -  k,  which  is  alto  directly  driven  from  the  ground.  The 
double  resonance  excitation  is  advantageous  over  the  single  parametric  excitation  for  ELF  communica¬ 
tions.  because  It  tunes  the  desired  ELT  frequency  and  reduces  the  instability  threshold.  Since  for 
ELF  frequencies  m  «  «0,  |kj  «  kg,  the  process  is  analogous  to  forward  stimulated  scattering  off  - 
Alfven  waves.  In  order  to  determine  the  coupling  efficiency  and  the  Instability  threshold,  we  com¬ 
pute  first  the  ponderomotlve  force  due  to  the  waves  (»0,kg)  end  (Oj.kj)  and  from  this  che  growth 
rate  for  a  homogeneous  plasma.  Following  the  derivation  of  Papadopoulos  et  el., 5  wa  find 
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where  is  the  wave-vector  in  the  direction  perpendicular  to  both  Eg  and  the  ambient  magnetic 
field,  is  the  ion  plasma  frequency  and  V02  -  e2E02/ne*u)0*.  As  an  order  of  magnitude  result 
ya  **  102eec“*»  for  e  10  JM,  5  KH*  transnltter  with  a  C  -  10s  at  Ionospheric  altitudes  of  120  km. 


Due  to  the  existence  of  the  vertical  density  profile  and  the  finite  region  of  tho  Interaction, 
the  wave  resonance  conditions  are  satisfied  only  locally..  Ve  ehould  therefore  cxamlre  the  boundary 
value  inhomogeneous  problem.  Using  ths  Kosenbluth  techniques,7  and  taking  the  x  axle  as  the  verti¬ 
cal  (parallel  to  Vo)  end  *  as  the  horizontal,  ve  find  that  In  the  VKB  approximation  tho  node  coupled 
equations  read* 
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r«  4.  Growth  rat*  of  the  faittit  growing  Alfvan  wav*  for  a  gauaalan 
In  an  Inhomogeneous  plasma.  Tha  parameters  ares  rf  powar  density 
5  W/ml,  m0  ~  5  MHa,  a  —  10*,  0-  ~  2xl0*rad.  sac-1,  c/VA  ~  10s, 

3  km. 
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where  c,  ■  tjVA/e,  c  ■  tylm./m)^,  V.  »  VA*  k/»,  V^j  »  es  (k-l^/*)),  and  V*  la  th«  local  Alfven  spaed. 
Detail*  of  the  numerical  solution  of  the  above  Eqs.  can  be- found  In  Fapadopoulos  at  *1. 5  He  restrict 
ourselves  her*  to  sob*  of  tba  key  points.  For  a  gauatlan  pusp  profile  *"*J‘ L  ,  the  growth  rate  as  a 
function  of  the  extent  of  the  pusp  Is  shown  In  Fig.  4.  This  was  cosputad  for  tba  particular  ease 
where  the  paras*  ter  - -  _ 
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was  X  *  2  (it  corresponds  to  HF  power  density  .1  V/m*  at  5  YOU,  for  e>  m  10*  at  120  km  altitude).  It 
is  obvious  fron  Fig.  4  that  tha  Instability  la  absolute  for  values  of  Y0L(uae)'tykscVa  between  1  and 
9. _  The  growth  rats  Baxlaixas  at  '  *  * 

-  0-2Yo  CU) 

This  condition  can  be  achieved  by  a  20  MW  transslttar  having  a  large  gain  C  m  10**  (i.e.,  l«  3  ka). 
Tot  mote  details  on  this  schema'  we  refer  the  Interested  reader  to  Fapadopoulos  at  al.5  A  determina¬ 
tion  of  the  amplitude  of  the  excited  vaves  requires  a  nonlinear  theory  and  Is  presently  under  con¬ 
sideration.  The  theoretical  upper  limit  will  be  given  by  the  Manley-Rowe  relations,  which  will  give 
power  levels  In  the  source  region  of  the  order  of  (u>/ii>0)  ESP  *  10s  watts.  He  are  therefor*  aiming 
at  only  a  few  percent  of  the  theoretical  limit. 


SUMMARY  AMD  CONCLUSIONS 

We  have  presented  here  some  preliminary  results  indicating  that  with  present  day  technology  ELF 
waves  at  powers  of  interest  for  submarine  eomunicatlons,  could  be  generated.  In  the  current 
analysis  only  the  simplest  approach  has  been  examined.  Effects  such  as  the  three  dimensionality  of 
the  currents,  the  role  of  the  ponderomotlve  fore*  on  local  density  profile  modifications,  anomalous 
HF  absorption  and  many  others  are  presently  unde?  study  and  will  be  reported  In  time. 

At  this  point  we  should  cosacnt  on  the  experimental  stag*  of  the  Ideas.  A  number  of  results 
have  appeared  In  the  literature,  following  the  initial  suggestion  by  Papadopoulos1*  of  their  poten¬ 
tial  Interest  for  Navy  communications .  The  most  extensive  work  has  been  done  In  the  USSR;  however, 
very  few  results  appeared  In  the  literature.  The  most  interesting  result  was  reported  by  Kapustin 
et  al.,*  which  showed  2  kHz  generation  from  5  MHz  modulated  pumps.  The  opening  o'  the  Tromso, 
Norway,  heating  facility  last  year  by  the  Max  Flanek  Institute,  offers  the  poasii .llty  of  testing 
some' of  these  Ideas.*  Actually,  Kopka  and  Stubbe  (private  comnlcation,  1980)  have  observed,  on  the 
ground  near  the  antenna  site,  low  frequency  waves  (500  Hr  -  2  kHz)  when  modulating  auroral  electro- 
jet  currents  at  the  appropriate  frequency.  They  also  detected  micropulsations.  Finally,  we  should 
mention  an  ongoing  effort  st  tha  Pennsylvania  State  University,  which  Is  still  at  a  very  preliminary 
stage.19  In  summary,  the  experimental  results  are  very  rare,  nqt  well  documented  and  not  properly 
guided  by  theoretical  planning  to  produce  conclusive  evidence  of  the  particular  interactions  occur¬ 
ring  and  their  potential  optimization.  The  preliminary  evidence  Is,  however,  positive. 

In  concluding  we  Should  mention  that  a  well  coordinated  experimental  and  theoretical  effort  is 
urgently  needed  In  this  area.  The  design  and  optimization  aspects  require  extensive  theoretic  non¬ 
linear  plasma  physics  Input,  and  cannot  be  achieved  by  random  experimentation.  From  the  other  side. 
Idle  theorizing  vlthout  experimental  guidance  1*  apt  to  be  an  equally  futile  exercise,  as  far  as 
practical  systems  are  concerned. 
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Appendix  I 

ELF  CURRENT  GENERATION  IN  THE  IONOSPHERE 


ELF  CURRENT  GENERATION  IN  THE  IONOSPHERE 


by: 

George  Schmidt 


Abstract 

Two  mechanisms  for  current  generation  in  t'.e  ion¬ 
osphere  are  investigated.  In  the  first,  momentum  of  waves 
generated  by  a  land  based  antenna  are  absorbed  by  electrons. 
In  the  second  the  ma^^tic  moment  of  electrons  is  enhanced 
by  cyclotron  resonance  in  the  polar  region,  giving  rise  to 
currents  due  to  magnetic  mirror  effects.  The  two  effects 
are  additive  with  the  first  one  dominating  in  the  highly 
collisional  ionosphere.  Order  of  magnitude  estimates 
indicate  that  with  a  land  based  antenna  of  100MW  power, 
significant  currents  can  be  generated. 
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INTRODUCTION 

In  order  to  produce  ELF  electromagnetic  waves  for 
communication,  the  use  of  an  ionospheric  antenna  has  been 
suggested.  Various  mechanisms  for  low  frequency  current 
generation  in  the  ionosphere  have  been  proposed,  in  particular 
parametric  excitation  of  such  waves  from  a  land  based 
antenna  structure,1  and  electroiet  current  modulation.^ 

Here  we  wish  to  point  out  two  other  possible  avenues  to 
reach  the  same  goal. 

1.  A  land  based  antenna  radiating  into  the  ion¬ 
osphere  produces  waves  that  can  easily  be 
absorbed  by  ionospheric  plasma  electron. 
Regardless  of  the  absorption  mechanism,  the 
momentum  of  photons  is  converted  into  the 
momentum  of  electrons  giving  rise  to  a 
current.^  If  the  wave  is  pulsed  this  gives 
rise  to  current  pulses,  that  can  be  used  as 
an  antenna.  If  the  wave  is  reflected  rather 
than  absorbed  a  factor  of  two  is  gained  in 
the  current. 

2.  The  earth's  magnetic  field  forms  a  magnetic 
mirror.  If  the  energy  of  the  electromagnetic 
wave  in  the  polar  region  is  absorbed  by 
electrons  via  cyclotron  resonance,  the 
magnetic  moment  of  these  electrons  is 


increased,  resulting  in  increased  accelera¬ 
tion  of  these  particles  along  the  magnetic 
field  toward  the  equatorial  plane.  Now  the 
background  magnetic  field  provides  the  source 
of  momentum  to  produce  the  desired  current. 


MOMENTUM  ABSORPTION 

Consider  electromagnetic  waves  propagating  along 
the  earth's  magnetic  field  carrying  energy  E,  momentum 
p  =  .  For  simplicity  we  take  w/k  *  c ,  so  p  =  e/c. 

This  momentum  is  absorbed  by  a  cylindrical  volume  of 
plasmas,  cross  sectional  area  A,  length  L.  If  the  free 
electron  density  is  n,  the  current  generated  is 

I  *  enAfiv  (1) 

where  <5v  is  the  velocity  increment  of  the  electrons  due 
to  photon  absorption.  From  momentum  conservation 

e/c  *  ALnmdv  (2) 

Substituting  5v  from  (2)  into  (1)  results  in 


IL  “  -H  *  586c 


(5) 


Note  that  (3)  does  not  depend  on  the  size  of  the  absorption 
volume,  electron  density,  or  any  other  details  of  the 
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absorber.  A  more  elaborate  calculation,  integrating  over 
a  nonuniform  plasma  yields  the  same  result.  If  the  wave, 
instead  of  being  absorbed,  is  reflected,  the  electrons 
take  up  twice  the  wave  momentum  p  «  2e/c,.and  one  has 

IL  »  -1172e  (4) 

So  far  we  have  not  considered  the  interaction  of 
the  electrons  with  the  environment.  The  effect  of  electron 
neutral,  electron-ion  collisions  is  easy  to  account  for. 

If  the  collision  frequency  is  v,  the  effective  acceleration 
time  is  v"1,  so  in  (3)  and  (4)  e  *  Pv"1,  where  P  is  the 
radiated  power.  Since  v  is  sensitively  dependent  on  light 
over  the  ground,  this  results  in  a  strong  dependence  on 
the  number  of  Amp  meters  generated.  Good  results  can  be 
obtained  above  an  altitude  of  100  kms,  where  v  <  104  sec-1. 
With  a  power  of  100  MW,  v  «  104  sec*1,  one  obtains  from  (3) 
IL  =  -5,  86.10^  Am,  which  is  quite  respectable.  The  draw¬ 
back  is  the  higher  altitude  than  the  one  used  in  the 
electrojet  generation  scheme. 

The  electromagnetic  interaction  with  the  background 
magnetoplasma  is  more  difficult  to  calculate.  The  push  on 
the  electrons  due  to  photon  absorption  is  equivalent  to  an 
electromotive  force,  driving  the  current.  One  expects 
that  this  current  will  close  outside  the  absorption  region, 
creating  a  dipole  type  current  configuration.  So  the 


problem  boils  down  to  the  investigation  of  the  following 
model . 

An  electromotive  force  is  generated  in  a  closed 

region.  Calculate  the  current  pattern  in  a  tensor  dielectric 

with  &  •  3  *  0  (3  is  the  current  density).  This  calls  for 

a  numerical  calculation,  similar  to  the  one  by  Chang  and 
2 

Papadopoulos  for  the  electrojet  modulation  problem. 

The  equivalent  electric  field  EQ,  due  to  power 
absorption  is  easily  estimated 


E 


o 


(5) 


where  P  is  the  power  absorbed  in  volume  V. 


MIRROR  ACCELERATION 

Consider  now  the  situation  where  an  electron  in 
the  polar  region  picks  up  the  energy  6h'A>  perpendicular 
to  the  mangetic  field  B  by  cyclotron  acceleration.  This 
results  in  an  increase  of  its  magnetic  moment  6ym  * 

In  consequence  there  will  be  an  incremental  acceleration 
along  the  B  field  6Vjj  «  -1/m  dB/dx,  where  B  is  the 
coordinate  along  the  magnetic  field.  The  particle  (without 
interaction  with  others)  arrives  at  the  equatorial  plane 
with  the  incremental  velocity 
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(6) 


*  .  Kx  f  1  dB  J  . 

Vi  l  —  J 

For  an  order  of  magnitude  estimate  we  replace  Vjj  with  some 
average  <v„>,  and  integrate  to  obtain 


6v„ 

li 


«W 


(7) 


where  B1  is  the  magnetic  field  at  the  polar,  BQ  at  the 
equatorial  region. 

For  n  electrons  per  unit  volume,  this  leads  to 
the  current  in  the  equatorial  plane,  using  (1)  and  (7) 
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en 
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61V 


m<Vjj> 


Sa 


(8) 


The  energy  absorbed  by  all  electrons  is  e  *  LAnfiW, 

to  yield 


IL  « 


ee 


m<v„: 

li 


Br 


B1 

5T 


'9) 


1 

Since  Bn  jr-  of  order  unity,  it  seems  that  the  current 
°o 

generated  is  c/<Vj,>  times  larger  than  the  one  obtained  by 
momentum  absorption,  an  enormous  increment. 

The  fly  in  the  ointment  is  our  neglect  of  collisions. 
In  reality  electrons  collide  many  times  in  their  passage 
from  the  polar  to  the  equatorial  region. 
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A  more  realistic  approach  is  the  calculation  of 

the  equivalent  electric  field  from  -  eE,  *  -6y  dB/dx,  or 

1  m 


6Wx  dB 


(10) 


This  is  to  be  compared  to  the  equivalent  electric  field 
from  momentum  absorption.  Since  P/ v j,  «  6U'/t  ,  vhere  t  is 
the  mean  collision  time,  from  (5) 


<5W 

cte 


So  finally 


(11) 


17“^"  7- 


(12) 


vhere  L  is  the  characteristic  scale  length  of  the  earth's 
magnetic  field.  This  ratio  is  typically  larger  than  one 
so  the  first  process  is  more  effective. 

It  should  however  be  emphasized  that  these  two 
mechanisms  are  not  competing  but  cooperating.  As  energy 
is  being  absorbed  by  the  electrons  to  increase  their 
magnetic  moment,  momentum  is  simultaneously  absorbed. 

The  next  task  is  a  numerical  study  on  collective 
effects  in  an  anisotropic  lossy  dielectric  to  determine 
the  current  pattern. 
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In  addressing  the  question  of  the  wavelengths  of  structures  that  LWIR 
sensors  might  encounter  in  an  atmosphere  disturbed  by  a  high  altitude 
nuclear  event  we  have  made  use  of  some  calculations  and  models  developed 
for  DNA  to  address  the  early  time  jetting  of  plasma  across  magnetic  field 
lines  and  field  aligned  acceleration  of  plasma.  These  calculations  and 
models  make  use  of  the  detailed  work  on  the  collisionless  coupling  between 
expanding  debris  and  ambient  air.  It  is  our  opinion  that  structure  created 
at  early  times,  i.e.,  <  10  sec  will  greatly  affect  systems  for  hundreds  of 
seconds  after  the  burst.  In  addition  to  effects  on  the  system  produced  by 
stimulated  plasma  emission  from  high  electron  densities,  we  feel  that 

radiation  from  or  scatter  by  metallic  ions  or  their  oxides  resulting  from 
chemistry  during  the  mixing  of  high  densities  of  metallic  ions  and  oxygen 
could  present  a  major  problem  to  LWIR  systems.  This  latter  effect  could  be 
particularly  important  in  regions  either  horizontal  to  or  above  the  burst 
point  where  electron  densities  are  not  expected  to  be  extremely  large. 

The  calculation  of  the  minimum  and  maximum  wavelengths  for  the 
structure  is  based  on  studies  of  the  Rayleigh-Taylor  instability.  The 
Rayleigh-Taylor  instability  has  been  discussed  for  many  years  as  a 

candidate  for  causing  early  time  structure  particularly  in  situations  where 
the  plasma  is  collisional,  such  a6  low  altitude  bursts  or  perhaps  the 

bottom  side  of  a  standard  Spartan.  One  of  the  earliest  references  is 
probably  Zinn  et  al.,  1965.  The  Rayleigh-Taylor  instability  that  will  be 
discussed  here  is  driven  by  terms  that  result  from  small  scale  kinetic 
instabilities  which  provide  the  Interaction  between  rapidly  expanding 
debris  and  air  in  a  collisionless  plasma  (Lampe  et  al.,  1975,  and  Clark  and 
Papadopoulos,  1976).  It  is  found  that  this  Interchange  instability  is 
operative  during  a  high  altitude  nuclear  detonation  (Brecht  and 
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Papadopoulos ,  1979).  Comparison  between  Starfish  data  and  the  predictions 
of  phenomena  resulting  from  this  instability  appear  to  agree  and  explain 
the  existence  of  very  high  altitude  debris  in  times  less  than  30  sec 
(Brecht  et  al.,  1981). 

A  very  brief  summary  of  the  expected  dynamics  of  the  plasma  is  as 
follows.  As  the  ionized  debris  expands  outward  from  the  burst  point  It 
interacts  with  the  ambient  air.  At  lower  altitudes  (<  150  km)  this 
inter;  .tion  is  collisional.  For  high  altitude  bursts  and  especially  for 

the  portion  of  the  burst  going  upward,  classical  collisions  are  rare.  In 

this  latter  case  plasma  instabilities  are  excited  which  couple  the 

expanding  debris  and  the  air  to  form  a  shock.  The  very  thin  region  which 
interfaces  the  bulk  of  the  expanding  debris  and  the  cold  air  is  called  the 
coupling  shell.  Within  this  region  resides  the  metallic  debris  and  the  air 
ions  that  are  picked  up  and  mixed.  The  dynamics  here  is  extremely 
complicated  but  suffice  it  to  say  that  it  provides  the  mechanism  for  the 
Rayleigh-Taylor  instability  described  by  Brecht  and  Papadopoulos.  This 
Instability  occurs  with  very  definite  upper  and  lower  limits  on 

participating  wavelengths.  These  limits  depend  on  local  plasma  parameters 
such  as  temperature,  density,  magnetic  field,  and  gradient  scale  lengths. 
Once  the  instability  is  operative  it  can  reach  the  nonlinear  regime  where 
the  pertubations  to  the  expanding  shell  can  actually  detach  themselves  from 
the  shell  and  E  x  B  drift  across  the  magnetic  field  lines.  This  kind  of 
•jetting  was  observed  in  Starfish  and  has  certain  characteristics  that  allow 
comparison  between  data  and  this  theory  (Brecht  et  al.,  1981).  The  result 
of  all  this  is  that  not  only  is  the  expanding  shell  expected  to  be 
structured,  but  one  could  also  reasonably  expect  discrete  blobs  of  plasma 
to  break  off. 
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The  data  displayed  here  is  the  result  of  merging  the  Rayleigh-Taylor 
calculations  with  a  code  which  models  the  temporal  evolution  of  the  basic 
plasma  parameters  in  the  coupling  shell.  This  code  is  called  SCORPIO  and 
is  basically  described  in  a  report  by  Clark  and  Papadopoulos  (1976).  It  is 
not  a  hydrocode,  but  a  code  developed  to  model  the  evolution  of  the 
coupling  shell  in  terms  of  thickness,  temperature,  plasma  density,  and 
field  aligned  acceleration.  It  maintains  an  energy  budget  and  depletes  the 
coupling  shell  of  material  and  energy  in  a  time  dependent  fashion 
consistent  with  our  best  knowledge  of  the  microphysics  active  in  this 
region.  For  general  hydro  it  relies  on  a  snowplow  model.  Therefore  the 
global  features  such  as  radius  are  not  as  accurate  as  the  high  resolution 
codes  from  which  it  is  derived. 

The  result  of  uniting  the  Rayleigh-Taylor  theory  with  the  SCORPIO  code 
are  shown  in  the  accompanying  figures.  The  first  set  of  graphs  show  the 
maximum  and  minimum  wavelength  for  the  instability  as  a  function  of  time 
for  several  angles  relative  to  the  ambient  field  direction.  The  data  here 
is  displayed  as  a  function  of  angle  where  zero  is  along  the  field  line  in  a 
downward  direction.  One  finds  that  the  Instability  for  a  standard  Spartan 
begins  to  grow  one  second  after  the  detonation.  Mote  that  the  squares 
represent  the  maximum  wavelengths  and  the  triangles  the  minimum.  The 
wavelengths  range  from  about  1  km  to  20  km  for  the  various  angles.  The 
size  of  the  actual  striation  will  of  course  be  1/2  the  wavelength. 
Therefore  this  instability  induces  structures  ranging  in  6lze 
from  ~  .5  km  to  ~  10  km  at  times  of  5  sec  or  less.  The  next  set  of  figures 
shows  the  growth  rates  associated  with  the  instability  at  the  maximum  and 
minimum  wavelengths.  The  convention  for  the  boxes  and  triangles  carries 
over  to  these  plots.  THe  bo:  :  reprer  .  the  growth  rate  for  the  maximum 


wavelength  and  so  forth.  One  notes  here  that  the  maximum  wavelengths  have 
the  highest  growth  rates.  It  is  expected  that  the  long  wavelength  modes 
would  go  unstable  first  and,  having  reached  saturation,  the  shorter 
wavelength  modes  would  develop. 

The  figure  shows  ion  density  in  the  coupling  shell  as  a  function  of 

time.  It  is  expected  that  the  ion  density  in  the  coupling  shell  will  be 

representative  of  the  density  in  the  structures  at  the  time  of  instability 

onset.  The  line  denoted  by  the  squares  represents  the  total  ion  density  in 

the  shell  including  both  debris  and  picked  up  air.  The  calculation 

continuously  accounts  for  the  loss  of  ions  down  the  field  lines  due  both  to 

thermal  effects  and  to  field  aligned  acceleration.  The  second  line 

(triangles)  is  our  best  estimate  of  debris  density.  It  has  been  assumed 

that  the  nominal  mass  of  the  ion  is  27.  It  is  this  second  line  that  we 

feel  provides  cause  for  concern.  At  times  of  2  seconds  one  finds  debris 
6  —3 

density  of  10  cm  or  so.  We  have  not  done  the  chemistry  here,  but 
oxidation  processes  occurring  on  the  time  scales  of  interest  (100  sec), 
wuuld  provide  large  amounts  of  radiation  in  the  LWIR.  The  next  set  of 
graphs  shows  the  ion  temperature  as  a  function  of  tine  and  angle.  One 
notes  that  in  the  direction  upward  the  temperature  remains  high.  The  ions 
will,  in  fact  continue  to  cool  at  later  times,  but  by  this  time  pieces  of 
the  plasma  may  be  well  removed  from  the  original  disturbed  region. 

The  last  plot  gives  the  radius  of  burst  as  a  function  of  time  and 
angle  as  computed  by  the  code.  It  is  here  to  provide  general  information 
regarding  the  calculation. 

These  then  are  the  data  resulting  from  merging  the  analytic  treatment 
of  the  Rayleigh-Taylor  Instability  with  the  large  scale  numerical 
results.  The  data  has  been  limited  to  times  of  5  secs  and  earlier  and 


angles  of  72°  or  higher.  The  latter  limitation  is  due  to  the  increasing 
classical  collisionality  in  the  downward  direction  for  bursts  of  this 
altitude.  For  very  high  altitude  bursts  these  restrictions  on  the  output 
can  be  relaxed.  As  mentioned  earlier  the  theory  did  not  include  classical 
collisions  and  therefore  any  numbers,  no  matter  how  reasonable,  are  suspect 
in  regions  where  classical  collisions  are  dominant. 

The  results  of  this  work  indicate  several  features  that  must  be 
considered  in  assessing  the  LW1R  problem.  First,  there  will  be  structuring 
and  transport  of  ionic  material  across  magnetic  field  lines.  Second,  the 
material  will  consist  of  metallic  debris  in  significant  concentration,  as 
well  as  oxygen  that  is  picked  up  by  the  expanding  debris.  If  the  Starfish 
data  is  any  indication  some  of  this  material  will  be  found  at  large 
distances  from  the  burst  point.  Finally,  the  size  of  the  structured 
material  will  range  from  .5  km  to  ~  10  km.  The  instability  favors  longer 
wavelengths,  but  the  shorter  ones  can  grow  on  the  large  scale 
perturbations.  The  initial  structure  is  expected  to  form  in  less  than  5 
sec  after  detonation  and  remain  for  hundreds  of  seconds. 
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Figure  5 


..  Maximum  and  minimum  wavelength  as  a  function  of  time.  The 

angles  shown  on  each  plot  with  respect  to  the  local  magnetic 
field  line  with  zero  being  directed  downward. 

i.  Growth  rates  for  the  maximum  and  minimum  wavelength.  The 

squares  refer  to  the  maximum  wavelength  and  the  triangles  refer 
to  the  minimum  wavelength. 

.  Ion  density  as  a  function  of  time  for  various  angles.  Squares 
represent  total  ion  density.  The  triangles  represent  debris  ion 
density,  assumed  mass  27. 

>.  Ion  temperature  as  a  function  of  time  for  various  angles  with 
respect  to  the  magnetic  field  lines. 

.  Radius  of  coupling  shell  for  relevant  angles  and  times. 
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PRELIMINARY  NUMERICAL  SIMULATION  OF  IR  STRUCTURE 
DEVELOPMENT  IN  A  HYPOTHETICAL  URANIUM  RELEASE 


I.  INTRODUCTION 

The  significance  to  U.S.  defense  systems  of  long  wave 
infrared  (LWIR)  emissions  from  metallic  oxides  in  the  debris  from 
a  high  altitude  nuclear  explosion  (HAN'E)  is  an  important  unanswered 
question.  Of  most  concern  are  structured  or  striating  media  since 
they  degrade  optical  systems  at  intensities  many  orders  of  magnitude 
lower  than  smooth  media.  Those  debris  species  which  result  in  long 
lived  ions  are  of  most  interest  because  they  are  the  ones  most 
likely  to  structure.  For  this  reason  uranium  deserves  careful 
scrutiny.  Because  of  the  low  ionization  potential  of  UO,  uranium 
reacts  with  atomic  oxygen  via  an  associative  ionization  process  to 
form  U0+.  Thus,  this  molecular  ion  is  stable  to  dissociative  re¬ 
combination,  and  deionization  requires  a  three  body  reaction. 

Uranium  deposited  in  the  high  altitude  atmosphere  (>100  km)  in  a 
nuclear  burst  will,  therefore,  induce  very  long  lived  ionization. 

The  emission  characteristics  of  UO+  have  not  been  measured, 
although  on  general  theoretical  grounds  a  very  large  line  density 
is  expected  in  the  ll-14y  region.  A  laboratory  experiment  to 
measure  the  UO+  spectrum  (wavelengths  and  band  strengths)  in  this 
region  of  the  LWIR  has  been  described  by  Bien.  ^  It  has  not  yet 
been  carried  out. 

Because  of  the  potential  importance  of  uranium  debris 
from  HAXE  events  in  the  performance  of  defense  optical  systems. 
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the  RAAE  Division  of  the  Defense  Nuclear  Agency  has  suggested 
that  numerical  simulations  be  performed  to  model  high  altitude 
uranium  releases.  Based  on  reasonable  estimates  of  oscillator 
strengths  for  transitions  in  the  LWIR,  these  simulations  will 
predict  structuring  characteristics  of  the  hypothetical  plasma 
cloud  released  in  the  ionosphere.  In  this  paper  we  will  present 

results  of  a  three  dimensional  simulation  of  a  uranium  release. 

.  2 
Using  the  PHARO  code  we  will  show  plots  of  radiance  (watts/cm 

ster)  in  the  ll-14y  region  as  a  function  of  time,  (assuming  the 
emission  to  be  optically  thin) ,  viewing  both  along  and  trans¬ 
verse  to  the  magnetic  field.  These  plots  will  show  the  develop¬ 
ment  of  structure  in  time.  In  addition,  we  will  show  the  power 
spectra  for  the  structure,  giving  the  distribution  of  spatial 
wavelengths  in  the  emitting  band.  Parallax  effects  will  also  be 
described. 

H.  HYPOTHETICAL  EXPERIMENT 

We  will  simulate  a  hypothetical  release  based  on  the 

parameters  presented  at  the  DNA  Infrared  Program  Meeting  at  the 

(2) 

Naval  Research  Laboratory  in  January  1980  by  W.  Reidy-,  A 

release  at  200  km  altitude  in  daylight  with  an  atomic  uranium 

24 

content  of  2  kgra  (^5  x  10  atoms)  is  modeled.  Initially  the 
uranium  vapor  will  expand  radially  with  a  thermal  velocity  some¬ 
what  less  than  1  km/sec.  The  expanding  uranium  vapor  would  be 
slowed  when  it  has  interacted  with  an  equal  mass  of  the  atmo¬ 
sphere  (M.2  km).  However,  before  this  occurs  it  will  interact 

with  am  equal  number  of  atomic  oxygen  atoms  C^.75  km) .  Assuming 

9  -3 

am  oxygen  density  ^3  x  10  cm  and  a  reaction  rate  coefficient 


of  4  x  10  ^cm9/sec, ^  the  ionization  will  occur  with  an  e- 
folding  time  of  ^.8  sec.  This  will  restrict  further  growth  of 
the  cloud  transverse  to  the  magnetic  field,  and  the  cloud  will 
initially  develop  a  sausage-like  shape  with  a  radial  dimension 
transverse  to  the  magnetic  field  ^.75  km.  However,  £xB  convec¬ 
tion  will  elongate  the  cloud  in  the  /direction  of  the  relative 
velocity  of  the  neutral  atmosphere  to  the  ion  cloud,  and  will 
narrow  it  in  the  other  direction  transverse  to  the  magnetic 
field. (4) 

Because  of  the  presence  in  the  normal  atmosphere  at  200  km 
of  a  substantial  amount  of  molecular  oxygen,  which  may  not  be 
present  in  the  nuclear  disturbed  atmosphere ,  a  further  reaction 
will  occur:  UO+  will  react  with  02  to  form  UO*.  Assuming  a 

reaction  coefficient  of  2  x  10~9cm3/sec ^  and  an  02  density  of 

8—3  +  + 

^4  x  10  cm  the  e-folding  time  for  conversion  of  UO  to  U02  is 

just  1.2  sec.  Thus,  after  the  first  several  seconds  the  predomi¬ 
nant  ion  will  be  UO*.  This  will  have  little  effect  on  the  dynamics 
and  structuring  of  the  ion  cloud  but  the  LWIR  spectrum  will  be 
different,  of  course.  Because  in  the  nuclear  case  the  02 
molecules  may  be  dissociated,  the  tramsition  from  UO+  to  U02 
may  take  much  longer.  On  the  other  hand,  even  in  a  high  altitude 
burst  much  of  the  debris  will  typically  be  deposited  at  lower 
altitudes  (^100  km)  where  there  will  be  large  amounts  of  02- 

Metal  oxides  are  excited  from  the  ground  state  to  higher 
electronic  levels  by  visible  radiation  from  sunlight.  These 
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excited  levels  rapidly  decay,  in  general,  to  excited  ,ribrational 

levels  of  the  ground  electronic  state  which  radiate  in  the  LWIR. 

In  addition,  there  is  direct  excitation  of  vibrational  levels 

caused  by  earthshine  at  LWIR  wavelengths,  leading  to  LWIR  emission 

as  these  levels  decay.  Typical  emission  rates  for  metal  oxides 

_  -> 

in  the  LWIR  are  ^10  “  photons/molecule/sec  due  to  earthshine,  and 
^lO’1  photons/molecule/sec  due  to  sunlight. There  has  been 
some  speculation  that  the  emission  rates  for  UO+  and  UO*  may  be 
substantially  higher  than  these  values^  because  of  the  presence 
of  low-lying  electronic  levels,  but  that  has  not  been  established. 
In  the  case  of  aluminum  oxide  the  rate  is  "v.2  photons/molecule/sec 
both  for  sunlight  and  for  earthshine.  LWIR  emission  is  expected  to 
be  in  the  ll-14u  region  but  the  results  in  this  paper  do  not  depend 
on  this  specific  wavelength  interval. 

HI.  THE  SIMULATION 

The  model  assumes  a  one  ionic  species,  one-level  fluid  and 

r  8 1 

follows  the  analysis  used  for  the  Avefria  barium  cloud  releases.1  1 
The  conductivity  ratio  (UO+  plasma  cloud  to  background  ionosphere 
Pedersen  conductivity  ratio),  as  defined  in  Reference  8,  is  taken 
to  be  5  which  is  based  on  an  assumption  of  503  efficiency  of 
vaporization  of  the  uranium.  Briefly,  the  conductivity  ratio  5 

■>4 

was  obtained  as  follows.  The  5  x  10“  atoms  of  U  was  assumed  to 
be  303  vaporized  and  the  resulting  UO+  was  gaussianly  distributed 
over  a  sphere,  with  a  gaussian  radius  of  0.75  km.  Using  a  UO+ 
ion-neutral  collision- frequency  (v^  )  of  0.2  s  1  and  a  gyro- 
frequency  (Q^)  of  18.8  s'1,  the  integrated  Pedersen  conductivity 
of  the  UO+  cloud  was  found  to  be  30  mhos.  For  the  daytime  high 
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latitude  ionosphere,  a  value  of  6  mhos  for  the  integrated 
Pedersen  conductivity  was  taken. 

The  altitudes  and  sices  of  the  ionized  clouds  are  similar 
in  the  two  releases  as  are  the  striation  formation  mechanisms  and 
lead  to  the  rapid  development  of  gradient  drift  striations. 

Whereas,  in  the  Avefria  simulation,  however,  the  F  region  ionospheric 
plasma  cloud  was  reduced  to  two  dimensions  (transverse  to  the  magnetic 
field)  by  performing  field-line-integrations  over  the  Pedersen  con¬ 
ductivity,  here  in  the  model  this  is  not  done  and  the  cloud  also 
diffuses  in  time  along  the  magnetic  field,  providing  a  three  dimen¬ 
sional  simulation.  This  enables  one  to  view  the  cloud,  using  the 
(91 

PHARO  code,  J  from  an  arbitrary  direction  and  to  automatically 
incorporate  any  effects  of  parallax  due  to  the  three-dimensionality 
of  the  cloud.  A  PHARO  plot  is  obtained  by  summing  the  volume 
emission  rates  along  an  array  of  rays  originating  at  the  camera 
location.  A  2D  array  of  radiance  values  is  determined ,  from  which 
a  contour  plot  of  the  radiance  is  constructed. 

Thus,  the  cloud  is  spherical  for  the  first  few  seconds 
until  it  becomes  ionized.  From  then  on,  after  this  time  t^, 
diffusion  transverse  to  the  magnetic  field  can  be  neglected. 

Along  the  magnetic  field,  we  assume  an  initial  density  distri- 

?  ? 

bution  n(t^)  exp(-z  /L“),  where  z  is  the  coordinate  along  the 
magnetic  field  (B)  direction  and  L  'v  .75  km.  With  a  parallel  to 
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B  diffusion  constant  K  *  c'/vin,  where  cs  -v  .  3  km/sec  and 
v in %  -  sec  we  have  Ku'u  4.15  x  10  1  km"/sec.  The  density 

diffuses  in  time  according  to 


3n 

3t 


=  K 


(lj 


At  time  t  then,  we  will  have 


net, z)  « 


r  i  i1/2  ...J  z2 

1 - 

H 

1 _ 

-T-rTTFt-rJ  exp(  l2 

L  1  +  b  ft- tTj  J 

(2) 


with  b  *  4K  /L-  -v  5.2  sec"1. 

The  above  analysis  is  strictly  correct  only  for  a  uniform 
atmosphere.  For  a  release  in  equatorial  regions  the  2  direction 
is  horizontal  and  there  is  no  problem.  At  high  latitudes,  where 
the  magnetic  field  is  nearly  vertical,  diffusion  will  be  signifi¬ 
cantly  faster  in  the  upward  direction  than  in  the  downward  direction. 
Now,  the  diffusion  scale  size  grows  like  the  square  root  of  the  time 
and  at  200  km  is  ^  13.4  km  at  100  sec.  Therefore,  at  times  of  the 
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order  of  100  sec  this  effect  is  not  major  (atmospheric  scale  sice 
at  200  km  %  43  km).  We  have,  for  this  reason,  not  corrected  for 
this  effect  in  our  simulation. 

The  above  analysis  is  performed  while  simultaneously 
following  the  perpendicular  motion  and  structuring  of  the  U0+ 

r  8 1 

plasma  cloud  according  to  the  one-level  set  of  equations ^  1 

-|f-  =  '  (2V)  ♦  Va  *  (KxVxZ)  (3) 

v  -  -  §  Vj*  x  i  (4) 

VA  •  {IV  J)  =  ^  •  7XI  (S) 

where  I  ,  V,  ,  <J>,  B  and  are  the  integrated  plasma  cloud 
(UO  +  )  Pedersen  conductivity  (Z  * J  a  (x,y,z)dc,  where  a  is  the 
Pedersen  conductivity)  and  is  a  function  of  x,  v  (coordinates 
perpendicular  to  B) ,  perpendicular  plasma  velocity,  relative 
to  the  ambient  perpendicular  plasma  drift,  the  cross-field 
(a.  B)  diffusion  coefficient,  the  cloud- induced  potential,  magnetic 
field  strength,  and  ambient  perpendicular  electric  field  in  the 
rest  frame  of  the  uniform  neutral  flow,  respectively  and  the 
electrostatic  approximation  (E  =  -  V±0)  has  been  made.  In 

addition  ^  Kx  =  (2kT/m^)  (ven+vej/ne^i )  where  k,  T,  n^,  vgn> 
v  i»  Qe  and  are  Boltzmann's  constant,  the  plasma  temperature, 
ion  mass,  electron-neutral  collision  frequency,  electron-ion 
collision  frequency,  electron  gyrof requency  and  ion  gyrofrequencv , 
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respectively.  Values  of  E  *  5mV/ra,  B  *  0.5  gauss  (and  resulting 

*> 

in  a  cEQ/B  velocity  of  100  m/s) ,  and  ^  1  m"/sec  were  chosen  for 
the  simulations.  The  computational  mesh  consisted  of  162  x  82 
grid  points  in  the  x  and  y  directions  (see  Figure  1).  The  plasma 
density  distribution  n(x,y)  at  each  time  was  unfolded  from  (3)  - 
(5)  by  distributing  the  density  along  z  according  to  the  gaussian 
(with  a  time  dependent  gaussian  length)  given  by  (1)  and  (2),  using 
Vin(UO+)  and  I2^(U0  +  ),  integrating  over  z  and  setting  the  resultant 
integral  equal  to  £(x,y). 

In  Figure  1  we  indicate  the  coordinate  system  fixed  in  the 
ionized  cloud,  and  illustrate  the  formation  of  striations  trans¬ 
verse  to  the  magnetic  field,  B,  and  across  the  direction  of  the 
relative  velocity  of  the  neutral  atmosphere,  v  ,  to  the  ionized 
plasma.  (In  this  system  x  B  would  be  in  the  -  x  direction). 

The  calculational  mesh  follows  the  striating  edge  and  has  an 
outflow  boundary  condition  on  the  negative  x  boundary.  Thus,  in 
time  more  and  more  ions  are  lost  from  the  calculation  out  of  the 
"tail".  Figure  1  also  exhibits  the  locations  of  3  potential 
observation  directions  for  infrared  detectors  (cameras).  In  the 
next  section  we  will  show  plots  of  ir  emission  contours  as 
observed  from  each  of  the  camera  locations.  The  emission  rate 
is  assumed  to  be  0.11  photons/ion/sec  in  the  ll-14y  band. 

IV.  RESULTS 

a.  PHARO  Plots 

Figures  2-8  show  the  contours  of  radiance  in  watts/cm"/ster 
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at  several  times  as  observed  from  camera  1,  placed  a  distance 
away  of  200  km.  Camera  1  looks  along  the  magnetic  field. 

Figure  2  shows  a  PHARO  plot  of  the  radiance  60  sec  after  the 
release.  The  abscissa  and  ordinate  are  in  degrees  and  are  re¬ 
spectively  along  the  x  and  v  directions  in  the  coordinate  system 
of  Figure  1.  An  82  x  82  mesh  has  been  used  in  the  PHARO  part  of 
the  calculation  in  the  camera  plane  of  view.  The  contour  values, 
defined  in  the  headings  of  the  plot,  potentially  range  from 

1.125  x  10  '  watts/cm“  ster,  (the  "9"  contour)  to  0.0  (the  "0" 

-  8  2 

contour)  in  steps  of  1.25  x  10  watts/cm  ster.  The  largest 

contour  appearing  in  Figure  2  is  the  "8”  contour  which  represents 

-  7  0 

a  radiance  of  1.00  x  10  watts/cm“  ster.  A  key  at  the  bottom  of 

•> 

the  plot  gives  the  value  of  some  of  the  contours  in  watts/cnT 
ster.  At  60  sec  there  is  no  sign  of  the  fingering  behavior  which 
becomes  so  evident  at  later  times.  In  Figure  3,  80  sec,  the 
striating  behavior  has  clearly  begun  developing.  The  structuring 
intensifies  at  100,  120,  140,  160  and  180  sec  shown  in  Figures  4, 

5,  6,  7  and  8  respectively.  The  overall  radiance  has  not  diminished 
with  time. 

Camera  2  looks  along  the  relative  velocity  vector  of  the 
neutral  atmosphere  and  the  ion  cloud  from  a  distance  of  200  km. 

In  Figure  9  we  exhibit  the  PHARO  plot  at  140  sec  as  observed  from 
camera  2  with  a  sufficiently  large  field  of  view  that  the  entire 
cloud  is  in  view.  While  this  plot  is  useful  to  exhibit  the  entire 
cloud,  there  is  not  enough  resolution  to  distinguish  the  contours. 
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For  this,  we  return  to  the  high  resolution  in  Figure  10,  which 

is  at  60  sec.  Only  a  portion  of  the  cloud  is  in  view  here,  of 

course.  The  magnetic  field  in  Figure  10  is  along  the  ordinate, 

and  the  abscissa  is  the  v  coordinate  of  Figure  1.  Here  the  maximum 

-8  7 

contour  value  observed  is  1.0  x  10  watts/cm"  ster.  The  values  of 
radiance  determined  from  camera  2  are  substantially  lower  than  those 
from  camera  1  since  from  this  vantage  point  lines  of  sight  do  not 
pass  through  as  much  of  the  cloud  as  in  the  end  view  observed  by 
camera  1.  Furthermore,  from  camera  2  we  are  looking  up  the  "tail”, 
along  the  x-direction,  and,  as  we  pointed  out,  some  of  the  ions 
have  left  the  calculational  mesh.  This  means  that  not  only  are 
the  radiance  levels  too  small  as  observed  from  this  direction,  but 
any  nonuniformity  in  the  "tail"  has  been  lost.  On  the  other  hand, 
there  is  no  fine  structure  lost,  as  this  is  all  in  the  leading  edge. 
Our  calculations  indicate  that  approximately  1/3  of  the  ions  have 
left  the  mesh  by  140  sec. 

Note  the  near  perfect  symmetry  at  60  sec,  corresponding  to 
the  symmetry  observed  from  camera  1  at  this  time.  In  Figures  11-14 
we  observe  the  changes  in  time  from  the  camera  2  vantage  point.  At 
100  sec.  Figure  11,  we  see  the  maximum  contour  begin  to  shift  to 
the  left,  corresponding  to  the  maximum  in  Figure  4  shifting  down¬ 
ward.  A  relative  minimum  forms  just  to  the  right  uf  the  central 
vertical  axis  corresponding  to  the  depression  in  Figure  4  just 
above  the  central  horizontal  axis.  These  effects  become  more 
pronounced  at  succeeding  times.  Particularly  interesting  from 


this  direction  is  the  alternation  in  intensities  as  we  scan 
horizontally  across  the  field  of  view  (Figures  12-14).  There 
is  a  gradual  reduction  with  time  in  the  radiance,  also,  as  more 
of  the  cloud  diffuses  along  the  magnetic  field  out  of  the  field 
of  view,  and,  also,  out  of  the  calculational  mesh  (negative  x 
boundary).  The  former  is  a  real  physical  effect,  the  latter 
an  artifact  of  the  calculation. 

Camera  3  looks  in  the  direction  transverse  to  the  magnetic 
field  and  to  the  drift  direction  from  a  distance  of  200  km.  Again, 
in  these  views  (Figures  15-19)  not  all  of  the  cloud  is  included. 

The  ordinate  is  along  the  magnetic  field  (c)  and  the  abscissa  is 
along  the  relative  velocity  (x) .  The  steep  gradients  at  the  left 
of  Figure  15  correspond  to  those  on  the  right  in  Figure  2.  As 
from  camera  2,  the  radiance  decreases  with  time  as  the  cloud 
diffuses  out  of  the  field  of  view  but  there  is  no  loss  from  missing 
ions,  as  the  "tail"  is  not  in  the  field  of  view  of  camera  3.  Here 
the  structuring  leads  to  an  appearance  significantly  distinct  from 
either  of  the  other  two  views. 

b.  Power  Spectra 

Spatial  irregularity  power  spectra  have  been  produced  for 
each  camera  view.  For  example,  consider  the  radiance  as  viewed 
from  camera  1  at  a  distance  of  200  km  at  140  sec  (Figure  6). 

Using  a  mesh  dimension  of  82  x  82  we  construct  a  two  dimensional 
(2D)  power  spectrum.  This  is  converted  to  two  one  dimensional 
spectra:  the  x  power  spectrum  is  a  result  of  integrating  over  the 
»  y  components  of  the  wavenumber  (k^J  of  the  2D  power  spectrum;  the 
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y  power  spectrum  comes  from  integrating  over  the  x  components 
(k  ) .  Typical  results  are  shown  in  Figures  20  and  21.  Tne  power 
scale  on  the  ordinate  is  in  units  of  the  logarithm  of  the  square 
of  the  radiance.  The  abscissa  has  two  scales:  (1)  the  logarithm 
of  the  spatial  wavelength  in  km,  and  (2)  the  logarithm  of  the  mode 
number,  k/k^,  where  k^  =  2tt/D.  In  the  y  direction  D  is  the  system 
size  *  2.7km.  By  the  system  size  we  mean  the  distance  across  the 
field  of  view  based  on  the  distance  between  the  camera  and  the 
cloud,  and  neglecting  the  dimensions  of  the  cloud.  In  the  x 
direction  D  is  twice  the  system  size,  because  of  the  Neumann 
boundary  condition  in  x. 

A  typical  power  spectrum  plot  can  be  conveniently  divided 
into  two  segments.  The  low  mode  number  region  at  the  left  contains 
most  of  the  power  and  characterizes  the  gross  structure.  The 
positions  of  peaks  in  this  region  are  a  measure  of  the  size  of  the 
structure,  e.g.  in  Figure  21  there  is  a  clear  peak  at  a  wavelength 
just  under  0.5  km.  This  characterizes  the  typical  widths  of  the 
fingers  in  Figure  6.  The  second  region  is  the  asymptotic  regime, 
which  begins,  roughly  speaking  at  a  wavelength  corresponding  to 
the  smallest  scale  size  of  the  gross  structure.  This  region  can 
be  fit  approximately  by  a  straight  line  (in  the  log  of  the  power 
vs.  the  log  of  the  mode  number).  The  slope  of  that  fit,  N,  is 
the  asymptotic  slope  of  the  power  spectrum.  The  value  of  the 
slope  is  determined  by  the  steepest  gradient  in  the  field  of  view. 

A  value  of  -2  corresponds  to  a  square  wave;  steeper  slopes  to  more 
gradual  gradients.  We  have  discarded  the  highest  15 »  of  the  modes 


K-  20 


The 


from  this  calculation  since  the  highest  modes  are  subject  to 
severe  'aliasing’  effects  and  to  computational  errors. 
resolution  we  used  (82  x  82)  was  dictated  by  the  cost  of  the 
PHARO  calculations  and  should  be  considered  only  marginally 
adequate.  Thus,  the  values  of  X  should  be  considered  illustrative 
but  not  definitive.  Figures  20  and  21  do  indicate  steeper  gradients 
in  the  x  direction  than  in  the  y  direction. 

We  find  that  the  steep  gradients  are  established  fairly 
early,  certainly  by  100  sec.  However,  as  time  proceeds  the 
number  of  steep  gradients  increases.  This  shows  up  as  an  increase 
in  the  power  level  of  this  part  of  the  spectrum,  but  with  no  change 
in  slope.  Since,  as  we  have  said,  very  little  of  the  power  is  in 
the  asymptotic  part  of  the  spectrum  there  need  be  very  little 
change  in  the  power  spectrum  at  the  lower  modes  to  accommodate 
this  increase. 

From  camera  2  we  view  along  the  x  axis.  Thus,  the  only- 
power  spectrum  that  is  meaningful  is  the  y  power  spectrum,  in 
which  the  z  components  have  been  integrated  over.  The  ion  dis¬ 
tribution  in  the  z  direction  is  strictly  gaussian,  and,  thus, 
uninteresting.  Figure  22  shows  the  v  power  spectrum  from  camera 
2  at  140  sec  at  a  distance  of  200  km.  Refer  to  Figure  15.  While 
there  is  clearly  mode  structure  here  in  the  asymptotic  region  the 
value  of  N  is  not  too  different  from  that  in  Figure  21. 

From  camera  3  we  view  along  the  y  axis.  Only  the  x  power 
spectrum,  in  which  the  z  components  have  been  integrated  over,  is 
of  interest.  Figure  25  shows  the  x  power  spectrum  from  camera  3 
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at  140  sec  at  a  distance  of  200  km.  Refer  to  Figure  18.  Again, 
there  is  a  great  deal  of  structure  in  the  asymptotic  region  but 
the  general  falloff,  characterized  by  the  N  value,  is  not  too 
different  from  that  in  Figure  20. 

c.  Parallax  Effects 

Previous  simulations^  J  have  been  two  dimensional  so  that 
parallax  effects  were  unobservable.  We  find  that  including  the 
third  dimension  has  a  profound  effect  both  on  the  radiance  con¬ 
tours  and  on  the  irregularity  spectral  characteristics.  We  will 
illustrate  this  in  two  ways,  by  showing:  (1)  how  these  properties 
vary  with  distance  and  (2)  how  they  vary  with  change  in  pointing 
direction. 

Consider  again  camera  1  at  140  sec  at  a  distance  of  200  km, 
Figure  6,  and  compare  with  Figures  24  and  25,  which  are  views  from 
camera  1  at  140  sec  at  respectively  50  km  and  600  km  from  the 
cloud.  Clearly,  at  50  km  parallax  has  spread  the  contours  greatly 
and  substantially  reduced  the  gradients.  At  600  km  the  reverse 
has  occurred  and  the  gradients  are  larger.  This  is  borne  out  by 
the  power  spectral  results.  Figures  26  and  27  are  the  x  power 
spectra  from,  respectively,  50  km  and  600  km  and  should  be  com¬ 
pared  with  Figure  20  for  200  km.  The  spectral  index,  N,  at  50  km 
is  -3.44,  at  200  km  is  -2.90,  and  at  600  km  is  -2.39  documenting 
the  clear  sharpening  of  the  steepest  gradients  as  we  recede  from 
the  cloud.  Figures  28  and  29  are  the  v  power  spectra  from, 
respectively,  50  km  and  600  km  which  should  be  compared  with 
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Figure  21  for  200  km.  The  v  spectral  index,  \,  is  the  same  at 
50  km  and  200  km,  within  the  accuracy  of  the  fitting  technique, 
but  has  decreased  by  ^  10$  at  600  km.  This  is  because  in  the 
v  direction  there  are  steep  gradients  near  the  center  of  the  field 
of  view,  where  parallax  effects  are  small,  so  that  the  steep 
gradients  have  been  somewhat  preserved.  However,  if  we  compare 
the  power  levels  in  the  asymptotic  regime  at  50  km  and  600  km, 
at  some  intermediate  fixed  wavenumber,  we  find  the  power  down  by 
about  half  a  decade  both  in  the  x  and  y  spectra  (compare  Figures 
26  and  27  and  Figures  28  and  29)  at  50  km  relative  to  600  km. 

This  is  the  best  measure  of  the  effect  of  parallax  on  the  meas¬ 
ured  gradients. 

Suppose  now  we  imagine  that  camera  1,  at  140  sec  and  a 
distance  of  200  km,  is  rotated  about  the  x  axis  by  just  1°, 
toward  camera  3.  How  does  this  affect  the  radiance  contours? 
Figure  30  shows  the  resulting  contours,  which  have  been  greatly 
spread  out.  Although  the  maximum  radiance  values  have  been 
reduced,  compared  to  Figure  6,  the  irradiance  at  the  camera  is 
unchanged.  As  is  obvious  in  Figure  30,  the  greatest  change  has 
occurred  with  the  gradients  in  the  y  direction.  The  spectral 
index  of  the  y  power  spectrum  has  increased  from  ,v-4  to  ^-7 . 

Figure  31  shows  the  effect  of  rotating  camera  1,  about 
the  y  axis  by  1°,  toward  the  x  axis.  Here  the  changes  from 
Figure  6  are  moderate.  However,  the  x  power  spectrum  index  does 
change  from  ^-2.9  to  ^-5.5  and  the  y  index  increases  by  about  20%. 


Thus,  when  we  rotate  toward  the  y  direction  we  lose  the  y  gradients 
and  when  we  rotate  toward  the  x  direction  we  lose  the  x  gradients. 

V.  SUMMARY 

The  severe  degradation  of  radio  signals  due  to  structuring 
of  electron  densities  in  the  atmosphere,  following  a  HANE  event, 
has  been  known  for  some  years  now.  A  great  deal  of  analysis  has 
been  performed  at  the  Naval  Research  Laboratory  (NRL)  to  under¬ 
stand  the  plasma  instability  mechanisms  that  underlie  this 
phenomenon,  as  well  as  related  phenomena  in  +:he  natural  ionosphere, 
such  as  spread  F.  It  is  clear  that  these  mechanisms  also  will 
result  in  structuring  in  the  emission  of  LWIR  radiation  and  con¬ 
sequently  is  potentially  of  'serious  concern  to  the  U.S.  defense 
community.  Ultimately  we  want  to  use  our  theoretical  understanding 
of  striation  phenomena  along  with  our  capabilities  to  simulate 
HANE  phenomena  using  3D  magnetohydrodynamic  computer  models,  to 
permit  predictions  of  structuring  following  these  events. 

At  present  there  is  at  issue  the  question  of  what,  if  any, 
sources  of  LWIR  emission  are  likely  to  be  most  important  in  HANE 
events.  The  most  likely  candidates  at  present  are  Cl)  atomic 
oxygen  and/or  nitrogen  recombination  radiation  and  C2)  LWIR  emis¬ 
sion  from  metallic  oxides,  such  as  uranium.  To  shed  light  on  some 
of  the  unknowns  in  the  second  category  DNA  requires  a  reliable  model 
of  a  hypothetical  uranium  release  at  high  altitudes  to  clarify  the  emis- 
sion  wavelengths,  intensities,  and  structuring.  In  this  paper  we 
have  reported  on  the  results  of  a  numerical  simulation  of  a  uranium 
release  at  200  km  in  daylight,  making  reasonable  assumptions  about 


the  values  for  some  of  the  unknown  parameters.  We  have  presented 
contour  plots  of  radiance  in  the  ll-14u  region  of  the  LlvIR  as  it 
would  be  observed  from  detectors  placed  at  various  locations  along 
and  transverse  to  the  magnetic  field  and  at  various  distances  from 
the  cloud. 

This  enables  us  to  observe  the  development  in  time  of  the 

* 

radiance  from  the  cloud  as  it  would  appear  from  any  vantage  point 
of  interest.  We  see  clearly  the  steepening  of  the  cloud,  the 
development  of  fingering,  and  how  this  is  related  to  the  power 
spectral  characteristics  that  are  observed.  Most  importantly, 
we  have  shown  that  the  three  dimensional  nature  of  the  cloud  has 
a  profound  effect  on  the  radiance  contours  and  on  the  observed 
spectral  characteristics.  Being  stationed  closer  or  observing 
slightly  off  axis  can  greatly  reduce  the  gradients  in  the  radiance 
of  the  cloud  and  change  the  power  spectral'  characteristics  accord¬ 
ingly.  The  results  of  our  simulation  should  provide  a  theoretical 
understanding  of  a  hypothetical  experimental  release.  It  should 
also  be  recognized  that  the  simulations  we  have  presented  are  a 
first  cut,  i.e.,  of  a  preliminary  nature.  Clearly,  improvements 
in  tn«s  numerical  simulations  presented  here  will  be  made.  Never¬ 
theless,  these  simulations  provide  some  interesting  results  on 
structuring  in  che  LWIR  regime. 
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Fig,  1  -  Schematic  view  of  the  uranium  cloud  and  the  coordinate  system, 
showing  diffusion  along  the  magnetic  field,  and  strlation  formation  across 
the  direction  of  the  neutral-ion  relative  velocity  direction  v  .  Locations 
of  the  cameras  discussed  in  the  text  are  indicated. 
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Fig.  7  -  Camera  1  radiance  contours  (watts/cm  ster)  200  km  from  the 
cloud  origin,  160  sec  after  release.  Abscissa  and  ordinate  are  In 
degrees.  Refer  to  text  for  contour  label  values  or  to  key  at  bottom. 
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Fig.  9  -  Camera  2  radiance  contours  (watts/cm  ster)  200  km  from  the 
cloud  origin,  140  sec  after  release.  Abscissa  and  ordinate  are  In 
degrees.  This  camera  view  has  a  large  field  of  view  so  that  the  entire 
extent  of  the  cloud  is  evident.  Refer  to  text  for  contour  label  values 
or  to  key  at  bottom. 
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Fig.  22  -  y  Power  spectrum  from  camera  2  (Figure  13  field  of  view). 
Refer  to  text  for  explanation  of  scales. 
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Fig.  23  -  x  Power  spectrum  from  camera  3  (Figure  18  field  of  view). 
Refer  to  text  for  explanation  of  scales. 
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Fig.  28  -  y  Power  spectrum  from  camera  1  (Figure  24  field  of  view). 
Refer  to  text  for  explanation  of  scales. 


KM 

Fig.  29  -  y  Power  spectrum  from  camera  1  (Figure  25  field  of  view). 
Refer  to  text  for  explanation  of  scales. 
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THE  PHARO  CODE 


SECTION  I 
INTRODUCTION 

PHARO,  an  acronym  for  "Phenomenology  and  Radiation  Output," 
is  a  computer  code  developed  to  calculate  the  visible  and  infrared 
(IR)  emission  from  a  disturbed  atmosphere.  As  part  of  NRL's  high 
altitude  nuclear  effects  (HANE)  program,  it  utilizes  the  results 
of  NRL's  high  altitude  phenomenology  calculations,  specifically 
the  MRHYDE  (and  its  successor,  PHOENIX)  computer  code.  It  is 
currently  being  used,  also,  to  study  LWIR  emission  from  plasma 
cloud  releases,  using  codes  which  model  the  development  of  spatial 
irregularities  in  the  high  altitude  atmosphere.  PHARO  calculates 
emission  in  the  visible  and  IR  fTom  all  sources  of  radiation 
including: 

(1)  bound-bound  transitions  in  the  decaying  atomic 
plasma  and  transitions  from  the  low  lying  metastable 
states  of  atoms  and  atomic  ions, 

(2)  band  emission  from  molecules  due  to  electron  impact 
excitation  or  heavy  particle  reactions,  which  leave 
a  product  species  in  an  excited  electronic  or 
vibrational  state  (e.g.,  chemiluminescence), 

(3)  free-bound  and  free- free  continuum  transitions. 

A  detailed  description  of  these  lines  and  bands  is  given  in 

Section  II. 

The  output  of  the  PHARO  code  consists  of  contour  plots  of 

2 

radiative  intensity  (watts/cm  ster)  or  "isophot"  plots  for 

arbitrarily  placed  sensors.  These  will  be  described  in  more  detail 
in  Section  III.  A  series  of  these  plots  give  both  a  spatial  and 

Manuscript  submitted  August  26, 1981. 
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temporal  picture  of  the  radiation,  which  is  directly  comparable 
with  experiments.  In  Section  IV  we  present  a  comparison  between 
PHARO  results  and  some  measured  values,  and  a  discussion  of  further 
potential  comparisons. 

Briefly,  PHARO  works  as  follows:  the  calculation  of  the 
radiation  starts  with  the  results  of  a  computer  code  such  as  MRHYDE, 
a  three-dimensional,  two  fluid  MHD  reactive  flow  code  which  describes 
both  the  hydrodynamics  and  chemistry  of  the  high  altitude  burst. 

MRHYDE  begins  its  calculations  on  the  order  of  one  second  after  burst, 
using  as  initial  conditions  the  atmosphere  after  prompt  x-ray  emis¬ 
sions  and  deposition  of  uv  energy,  debris  energy,  and  inclusion  of 
a  blast  wave. 

The  PHARO  code  reads  from  tape  the  MRHYDE  results  at 
prespecified  times  and  at  a  large  number  of  mesh  points.  For  the 
results  we  will  present  in  this  report,  there  were  of  order  104 
mesh  points  (due  to  reflection  symmetry  about  a  vertical  plane 
through  the  magnetic  field  there  are  effectively  twice  this  number) . 

This  report  will  describe  PHARO  II  which  differs  from  PHARO  1^ 
primarily  in  the  treatment  of  the  bound-bound  radiation.  In  PHARO  I 
the  calculations  assumed  a  hydrogenic  recombining  plasma  with  Saha 
populations  of  the  excited  states.  In  PHARO  II  an  oxygen  plasma 
is  assumed  and  actual  population  densities  of  the  excited  states 
are  calculated. ^ 

SECTION  II 

HANE  RADIATIVE  EMISSION  CALCULATIONS 

The  species  carried  in  the  MRHYDE  code  are  given  in  Figure  1. 

The  temperatures  listed  are  the  electron  temperature,  T-,  the 
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vibrational  temperature  of  N2,  Tv,  and  the  heavy  particle  kinetic 
temperature,  T  .  Some  of  the  HANE  codes  currently  carry  separately 
the  ion  temperature,  ,  and  the  neutral  temperature,  Tn*  N2  is 
not  carried  in  MRHYDE  since  it  is  generally  a  minor  ion  by  the 
time  the  MRHYDE  calculations  are  initiated.  It  is  carried  in  the 
uv  deposition  code  which  provides  initial  conditions  for  MRHYDE, 
however.  In  Figure  2  we  exhibit  the  major  line  emissions  from 
metastable  states  and  molecular  bands  that  the  PHARO  code  monitors. 

It  is  apparent  that  not  all  of  the  excited  state  species  that  we 
require  for  PHARO  are  carried  in  MRHYDE.  Those  not  carried  we 
assume  to  be  in  quasi- steady  state  equilibrium  and  calculate  their 
populations.  The  species  for  which  this  assumption  is  used  are 
N(2P),  0(1S),  nVs),  0+(2D),  0+(2P),  02(a1A),  and  02(b1E) . 

To  calculate  the  NO  chemiluminescence  in  the  fundamental  at 

5 . 3y  and  the  overtone  at  2.7y  the  following  assumptions  were  used. 

The  vibrationally  excited  NO,  formed  via  the  reaction  N  +  02  -►  NO  +  0, 

is  sufficiently  exothermic  to  populate  NO  up  to  the  6th  vibrational 

2 

state.  In  addition,  N(  D)  +  02  -►  NO  +  0  can  excite  up  to  the  18th 
vibrational  level  of  NO.  We  assume  half  the  exothermicity  is 
available  to  vibrational  states.  A  straight-forward  steady  state 
calculation  then  gives  the  number  of  photons  of  the  fundamental  and 
overtone  for  these  reactions.  Since  quenching  has  not  been  included, 
this  will  give  an  upper  limit  to  the  emitted  radiation.  Also,  we 
include  the  translation-vibration  reaction  between  NO  and  hot  0 
atoms  which  is  frequently  a  critically  important  source  of  5.3y 
and  2.7y  radiation.  In  some  applications  more  sophisticated  models 
have  been  used  for  determining  the  number  of  photons/reaction. 
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In  a  similar  way  the  N0+  radiation  from  vibrational  transitions 
at  4.3y  and  2.15y  are  calculated^  assuming  formation  of  vibra- 
tionally  excited  N0+  via  N+  +  NO  -►  N  +  NO*,  N  +  0^  NO*  +  0, 

N2  ♦  0*  -►  NO*  +  N,  N*  +  02  -*■  NO*  +  0.  In  addition,  the  N2  Meinel 
Bands  are  assumed  to  arise  ^  via  N2  ♦  0*(2D)  ♦  N2(A2ir,  v  «  1)  ♦  0 

and  the  second  negative  of  02  in  the  visible  is  assumed ^  to  result 
from  0*(2D)  +  02  <♦  02(A2it)  +  0.  Finally,  a  model  for  the  4.3y  and 
10. 6y  radiation  from  C02  is  included. 

To  calculate  the  late -time  atomic  bound-bound  line  radiation 
PHARO  II  assumes  the  late-time  disturbed  atmosphere  to  be  a  decaying 
oxygen  plasma.  Calculation  of  the  radiation  requires  a  knowledge  of 
the  population  of  the  excited  states  of  oxygen  as  a  function  of 
electron  density  and  temperature  and,  for  sufficiently  high  temper¬ 
ature,  the  ground  state  population,  0(3P).  To  accomplish  this  a 
model (2^  has  been  developed  which  determines  the  population  densities 
o£  ill  triplet  and  quintet  oxygen  levels  up  to  n  »  18  as  a  function 
of  these  parameters.  These  calculations  have  been  performed  for  11 
electron  temperatures  ranging  between  .03  and  2.0  eV,  7  electron 

fi  1  ?  #  T 

densities  between  10  and  10  cm  ,  and,  in  the  case  of  electron 
temperatures  equal  to  or  greater  than  .5  eV,  the  same  range  of 
oxygen  ground  state  densities. 

The  results  of  the  above  calculations,  the  population  of  338 
excited  levels  for  each  of  the  above  set  of  parameters,  are  stored 
on  disk.  Once  wavelength  intervals  are  specified  a  separate  code 
reads  the  disk  and  determines  the  radiation  emitted  in  each  wave¬ 
length  interval  for  each  set  of  parameters.  These  results  are, 
in  turn,  stored  on  a  disk  which  is  read  by  the  PHARO  code  for 


interpolation  to  the  actual  temperature  and  densities  at  a 
given  point. 

Finally,  the  continuum  radiation,  oxygen  free-bound  and  free- 
free  emission,  are  based  on  the  calculations  of  Davis  and  Lewis. ^ 

SECTION  III 
PHARO  GEOMETRY 

In  Figure  3  we  display  the  geometry  used  in  the  PHARO  code 
to  produce  the  "isophot"  plots.  B  represents  the  initial  burst 
position.  The  X-axis  is  in  the  direction  of  the  horizontal  com¬ 
ponent  of  the  earth's  magnetic  field.  The  proposed  position  of 
the  camera  or  sensor  is  specified  by  its  distance  from  the  burst 
point,  s,  a  polar  angle  relative  to  the  upward  vertical  direction 
at  the  burst,  8,  and  an  azimuthal  angle,  4>,  measured  relative  to 
the  horizontal  magnetic  field  direction.  A  camera  at  this  position 
may  have  an  arbitrary  orientation  relative  to  the  burst  point.  Two 
angles  specify  the  direction  of  the  line  of  sight  of  the  sensor: 
a  polar  angle,  e,  relative  to  the  burst-sensor  line  and  an  azimuth 
angle,  (,  (not  shown  in  Figure  3)  measured  relative  to  the  plane 
defined  by  the  burst  point,  the  sensor  position,  and  the  center  of 
the  earth. 

Having  specified  the  sensor  position  and  orientation  a  set 
of  rays  is  constructed.  The  first  ray  is  along  the  line  of  sight 
of  the  sensor  (as  indicated  in  Figure  3)  and  the  others  are  arrayed 
on  a  set  of  equally  spaced  cones  with  common  apex  at  the  sensor 
point  and  common  axis  along  the  sensor  line  of  sight.  On  each 
cone  the  rays  are  equally  spaced  around  the  cone.  Next,  a  set  of 
equally  spaced  points  is  chosen  along  each  ray,  from  the  sensor  to 
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the  far  side  of  the  MRHYDE  mesh.  By  interpolation  between  the 
MRHYDE  mesh  points  and  these  points  the  total  emission  at  each 
point  along  the  rays  is  determined  for  each  wavelength  interval 
of  interest,  using  an  appropriate  volume  as  illustrated  in  Figure  3. 
Finally,  a  summation  is  performed  along  each  ray  and  the  total  radi- 
ation  (watts/cm  ster)  from  each  ray  direction  determined.  In  the 
present  version  of  the  code,  PHARO  II,  the  emission  is  assumed  to 
be  optically  thin.  Furthermore,  the  code  permits  attenuation  of 
the  radiation  as  it  travels  from  its  source  through  the  ambient 
atmosphere  to  the  sensor.  An  atmospheric  model  has  been  developed 
and  incorporated  into  PHARO  based  on  the  models  of  McClatchey  at 
AFGL. 

The  set  of  ray  directions  relative  to  the  sensor  line  of 
sight  form  a  two-dimensional  polar  grid  of  intensities  from  which 
the  contour  plots  are  constructed.  In  some  applications  of  the 
PHARO  code,  the  rays  are  arrayed  on  a  rectangular  grid  and  the 
contour  plots  are  constructed  from  a  two-dimensional  rectangular 
grid.  With  a  PHARO  sensor  placed  where  measurements  were  taken 
it  is  possible  to  construct  plots  that  can  be  directly  compared 
with  experimental  isophot  plots. 

SECTION  IV 

RESULTS  AND  DISCUSSION 

In  Figures  4-8  we  exhibit  typical  PHARO  plots  predicting  the 
radiance  (watts/cm^ster)  in  the  8-14p  band  from  a  high  altitude 
nuclear  burst  at  successive  times  following  initiation  of  the  . 

MRHYDE  calculation  (times  0.0,  20.0,  60.0,  100.0,  and  140.0  seconds). 
The  camera  is  a  distance  of  500  km  from  the  burst  with  its  optic 
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axis  passing  through  the  burst  point.  The  ordinate  and  abscissa 
give  the  angle  in  degrees  from  the  camera  axis.  Alternate  contours 
are  solid  lines  or  dots,  with  the  latter,  only,  labeled.  The 
numbers  at  the  top  of  the  plot  label  the  radiance  values.  Reading 
from  left  to  right,  the  leftmost  value  corresponds  to  contour 
number  1  which  is  the  smallest  radiance  value  that  can  be  plotted, 
the  middle  number  to  contour  number  10,  and  the  rightmost  number 
the  inverse  of  the  number  of  contours  per  logarithmic  decade.  Thus, 

.  c  2 

in  Figure  4,  contour  8  represents  a  radiance  of  1  x  10  watts/cm  ster 

-  8  2 

and  contour  2  is  1  x  10  watts/cm  ster.  The  Figures  4-8  exhibit 
clearly  the  temporal  effects:  the  effect  of  the  hydrodynamics  in 
heating  the  atmosphere  and  diffusing  the  plasma,  and  the  chemistry 
in  reducing  the  emission. 

In  Figure  9  we  see  a  measured  isophot  plot  of  visible  radiation 
from  a  high  altitude  burst  (on  the  right)  and  the  corresponding  PHARO 
prediction.  Additional  predictions  and  comparisons  with  data  have 
been  documented  in  the  literature. 

We  view  the  PHARO  code  as  a  very  versatile  code  particularly 
useful  in  providing  predictions  that  are  easily  compared  directly 
with  measurements.  Specifically,  the  high  altitude’  bursts  that 
can  be  modeled  by  a  MRHYDE  (PHOENIX)  3D  2-fluid  magnetohydrodynamic 
code  provide  a  set  of  measurements  that  can  provide  direct  tests 
of  our  understanding  of  disturbed  atmosphere  phenomenology.  In 
the  past  several  years  there  have  been  important  improvements  in 
our  understanding  of  a  variety  of  these  atmospheric  phenomena 
that  directly  bear  on  measurements  that  were  made,  and  that  have 
not  been  tested  by  comparison  with  these  results. 
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Consider  the  Starfish  event.  There  are  a  set  of  isophot 
plots  of  visible  radiation  that  have  been  published  for  times  out 
to  33.9  seconds  of  the  northern  conjugate  region  from  an  aircraft. 
There  are  similar  data  from  other  locations  that  has  not  been 
analyzed.  This  kind  of  data  is  in  an  ideal  form  for  comparison 
with  PHARO  predictions. 

In  addition,  there  were  IR  measurements  made  with  a  variety 
of  detectors  on  each  of  two  aircraft.  In  many  cases  data  above 
background  were  obtained  for  10^  seconds.  The  measurements  include 
the  1.1  -  3.0y  band  (spatial  radiometer),  4.8  -  5.5y  band  and 
2.6  -  2.7y  band  (filter  photometer),  a  variety  of  bands  between 
1.5  and  2.8y  (filter  wheel  radiometer),  1.55  -  1.62y  (PbS  radio¬ 
meter),  5.0  -  5.5y  (IR  Spectrometer).  There  are,  in  addition,  a 
variety  of  uv,  visible,  and  near  infrared  measurements  made  both 
from  aircraft  and  ground  stations.  The  reliability,  extent,  and 
state  of  analysis  of  this  large  quantity  and  variety  of  data 
require  evaluation.  But,  in  principle,  PHARO  predictions  make 
these  measurements  directly  accessible  to  analysis. 
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Fig.  1  —  Chemical  species  and  temperatures  carried  in  MRHYDE 
(and  PHOENIX)  3D  hydrocode 
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PHENOMENOLOGY  AND  RADIATION  OUTPUT  CODE 

OPTICAL  AND  IR  TRANSITIONS 
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Fig.  2  —  Important  visible  and  infrared  transitions  monitored  in  PHARO 
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PHARO  GEOMETRY 


Fig.  3  —  Line  integration  of  volume  emission  from  conical  segments 
at  a  particular  wavelength,  along  a  ray,  to  obtain  radiance,  s  is  the 
distance  between  camera  and  burst  point,  B.  9  and  <t>  define  the 
direction  from  burst  to  camera.  8  and  (not  shown)  define  the  direc¬ 
tion  of  the  camera  line  of  sight  relative  to  the  burst  point. 
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B  MM  CAMERA  2  T (SEC)  0. 


Fig.  4  —  Radiance  in  the  8-14  u  band  (watts/cm2ster)  from  a  high 
altitude  burst  ^  1.  sec  after  burst.  Abscissa  and  ordinate  in  degrees. 
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Fig.  9  —  PHARO  radiance  contour  predictions  compared  with 
measured  contours  for  a  high  altitude  burst  in  the  visible  spectrum  at 
'V/  60.  sec. 
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INFLUENCE  OF  VELOCITY  SHEAR  ON  THE  RAYLEIGH-TAYLOR  INSTABILITY 
I.  Introduction 

An  important  instability  in  a  variety  of  geophysical  phenomena  is 
the  Rayleigh-Taylor  instability.  The  instability  is  an  interchange 
instability  and  is  driven  primarily  by  an  opposing  density  gradient  and 
gravitational  force  (e.g.,  a  heavy  fluid  supported  by  a  light  fluids.  In 
a  magnetized  plasma,  the  mode  exists  in  both  the  collisionless  and 
collisional  regimes.  However,  in  many  regions  of  interest,  such  as  the 
ionosphere,  the  plasma  can  also  contain  Inhomogeneous  velocity  flows 

transverse  to  the  magnetic  field.  In  fact,  in  the  absence  of  other 

✓ 

effects  (such  as  gravity,  density  gradients  and  collisions),  this  sheared 
flow  can  give  rise  to  a  transverse  Kelvin-Helmholtz  instability 
(Mlkhallovskil ,  1974).  The  purpose  of  this  letter  is  to  investigate  the 
influence  of  velocity  shear  on  the  Rayleigh-Taylor  instability  (Drazln, 
1958;  Chandresekhar ,  1961). 

We  find  that  velocity  shear  can  have  a  dramatic  effect  on  the 
Rayleigh-Taylor  instability.  Namely,  for  a  sufficiently  strong  velocity 
shear,  the  growth  rates  of  the  most  unstable  modes  (l.e.,  those  such  that 
kL  >  1  where  L  is  the  scale  length  of  the  inhomogeneity)  are 
substantially  reduced;  leading  to  maximum  growth  in  the  regime  kL  <  1. 
Thus,  velocity  shear  has  the  effect  of  preferentially  exciting  a  long 
wavelength  mode  of  the  Rayleigh-Taylor  instability  which  is  In  sharp 
contrast  to  the  behavior  of  the  mode  in  the  absence  of  velocity  shear. 
This  result  may  explain  the  long  wavelength  oscllllatlons  (i.e.,  several 
hundred  kins)  of  the  bottomside  F  layer  during  equatorial  spread  F 
(Tsunoda,  1981a;  Tsunoda  and  White,  1981;  Kelley  et  al.,  1981)  and  the 
early  time  structuring  of  injected  barium  clouds  in  the  ionosphere 
(Simons  et  al.,  1980;  Wescott  et  al.,  1980). 

The  scheme  of  this  letter  is  as  follows.  In  the  next  section  we 
present  the  basic  equation  which  describes  the  Influence  of  velocity 
shear  on  the  Rayleigh-Taylor  instability.  In  Section  III,  the  various 
instabilities  are  discussed  (i.e.,  Rayleigh-Taylor,  Kelvin-Helmholtz  and 
the  generalized  Rayleigh-Taylor).  Finally,  in  the  last  section,  we 
discuss  the  application  of  our  results  to  ionospheric  phenomena,  l.e., 
equatorial  spread  F  and  plasma  cloud  striations. 

Manuscript  submitted  October  28, 1981. 


II.  Theory 


The  geometry  of  the  plasma  and  field  configuration  used  in  the 

A 

analysis  are  as  follows.  We  consider  B  ■  B  e  , 

a  X  O  2 

2  ■  g  e  ,  n  ■  n  (x)  and  V  ■  -  V  (x)  e  .  We  also  Include  ion-neutral 
-*'■  x  o  —  o  y 

collisions  (v  ■  v  )  in  the  theory  so  that  both  collisionless  and 
m 

collislonal  instabilities  are  considered. 

The  basic  assumptions  used  in  the  analysis  are  as  follows.  We 
assume  perturbed  quantities  vary  as  5p  -  dp(x)  exp(iky-iuit) 
with  w  «  flj  and  kr^  «  1  where  flj  is  the  ion  gyrof requency  and  r^  is 
the  mean  ion  Larmor  radius.  We  neglect  perturbations  along  the  magnetic 
field  (k|  »  0)  so  that  only  two  dimensional  mode  structure  in  the  xy 
plane  is  obtained.  We  assume  which  is  consistent  with 

ionospheric  F  region  conditions.  Ion  Inertial  effects  are  retained  in 
the  analysis,  but  electron  Inertial  effects  are  neglected.  We  assume 
quasi-neutrality  so  that  ne  “  *  n* 

A  key  feature  of  our  analysis  is  that  a  nonlocal  theory  is 
developed.  That  is,  the  mode  structure  of  the  potential  in  the  x- 
direction  is  determined  by  a  differential  equation  rather  than  an 
algebraic  equation  obtained  by  Fourier  analysis.  This  technique  allows 
one  to  study  modes  which  have  wavelengths  larger  than  the  scale  size  of 
the  inhomogeneities  (i.e.,  kL  <  1  where  L  represents  the  scale  length  of 
the  boundary  layer).  In  fact,  this  is  crucial  to  describing  the  Kelvin- 
Helmholtz  instability  produced  by  a  transverse  velocity  shear 
(Mlkhallovskll ,  1974). 

Based  upon  the  assumptions  discussed  above,  the  fundamental 
equations  used  in  the  analysis  are 

3n  /3t  +  7  •  (n  V  )  -  0  (1) 

Ot  CH> 

V  X  B 

0  -  E  +  — - “  (2) 

—  c 

eV.  *"B 

m1(3/3t  +  7^7)^  -  eE  + - ^  (3) 

where  a  denotes  species  (e,l:  electron,  ion).  We  substitute  F  ■  -  74, 
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V.  ■  V^x)  +  6V  and  n  ■  nQ(x)  +  6n  into  Rqs.  (l)-(3).  Here,  $  i*  the 
perturbed  potential.  He  find  the  perturbed  velocities  to  be 


6V  -  (c/R)  r-ik*  e  +  <3*/3x)  e  ]  (4) 

-*  *  y 


and 


l  -1  “  +  iv4„  H  ■* 

'  (C/B>  >-1(1  +5T5>  +  — n-^u'  •* 

aa  “  +  lwin 

+  (c/B,  ||*x - g-ii  HI  . 


(5) 


where  H  -  8^  »  eB/rijC  and  o>  -  u>  -  kV^.  Substituting  Eqs.  (4)  and  (5) 
into  Eq.  (1),  we  arrive  at  the  following  equation 


where 


i!|+  p  +  q  *  -  o 

3x  dx 


(6) 


3Anno  /  1Vin  kVo\ 

3x  V  “ +  *v<„  “  / 


-k2  + 


in 

kVo  |l  3\>  Rk  3£nn 

w  +  iv  I  o  3x  wV  3x 

in  L  o 


(7) 


31nV  3 Inn 
o  + _ o  _ o 

3x  3x 


iv 

in 

rj_ 

32n 

o 

u> 

4.  _ 

Him 

( 

- 

i  n 

.  2 

<*. 

b)  i 

l  O 

3x 

(U 

3x 

^)J 


(R) 


In  obtaining  Vq.  (6)  we  have  made  use  of  the  quasi-neutrality  condition, 
assuned  3V  /3x  «  8,  and  have  retained  ion  inertial  terns  to 

O  1 

order  Vln/Qt* 
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III.  Results 


To  highlight  the  influence  of  velocity  shear  on  the  Rayleigh-Taylor 
instability  we  first  consider  two  limiting  cases:  (1)  the  Rayleigh- 
Taylor  instability  with  no  velocity  shear  and  (2)  the  Kelvin-Relmholtz 
instability  with  no  collisions,  gravity  or  density  gradient.  Following 
this  we  discuss  a  general  solution  of  Eq.  (6). 


A. 


Rayleigh-Taylor  Instability 

We  take  V  -  0  so  that  Eq. 
o 

a2*  a  inn  a<t> 

2  + 

3x  3x  3x 


(6)  becomes 

_  1  8tn"o  1 

“  +  luin“  8,  J 


* 


o  (9) 


Equation  (9)  can  be  easily  solved  in  the  local  approximation  (i.e.,  k^L^ 
»  k_2L^  »  1  where  L  ■  (Sinn  /ax)”*  and  we  have 

*  O  X— X 

assumed  $(x)  “  expdk^x)).  We  obtain  the  dispersion  equation 


uj2  + 


iVin“  "  8^L  “ 


(10) 


which  has  the  solution  (Hudson  and  Kennel,  1975;  Haerendel,  1974) 


u 


—  [1  ±  (1  -  Ag/Lv2n)^ 


(11) 


Instability  can  occur  when  g/L  <  0  (i.e.,  g  and  L  are  oppositely 
directed).  The  collisionless  and  colllsional  solutions  are 


vin  <K  (4*/L>l/2 

(12) 

-i  c/M 

Vin  >>  (48/L)1/2 

(13) 

We  now  solve  Eq.  (9)  numerically  for  a  density  profile 
2  2 

n  ”  noexp(^c  /2L  )  +  An.  The  results  are  shown  in  Fig.  1  (curve  A) 
which  is  a  plot  of  y/(g/L)^vs.  kL  for  An/nQ  •  0.01  and 
Vin/(g/L)^a  0.5.  As  expected,  the  growth  rate  maximizes  in  the  regime 
kL  »  1.  However,  note  that  the  maximum  growth  rate  (Y/(g/L)^2*  1.1)  is 
slightly  larger  than  that  predicted  from  local 
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theory  (Y/(g/L)^2«  1,0  from  Eq.  (11)).  This  is  due  to  the  Gaussian-like 
density  profile  chosen  for  the  numerical  example. 


B.  Kelvin-Helraholtz  instability 

We' assume  V  (x)  *  0  but  take  v.  «  0,  g  •  0  and  n^ 
o  m  o 

(6)  becomes 


tk2 


k32V  /3x2 
o 

0)  -  kV 

o 


}  t 


o 


•  const.  Equation 


(14) 


which  is  well-known  (Mikhallovskii ,  1974).  Note  that  in  the 
local  approximation 


<o  -  kV  +  k_1(32V  /3x2)  (15) 

O  O  X* X 

o 

so  that  the  mode  is  stable.  In  general,  an  instability  can  occur  only 
2  2 

when  (3  Vq/3x  )  ^  *  0  where  Xj  <  x0  <  X2  ,  and  Xj  and  X2  are  the 
boundaries  (Rayleigh's  theorem).  As  an  example,  we  assume  an  equllbrium 

A 

velocity  profile  V  q  *  VQ  tanh(x/L)  e^.  The  solution  to  Eq.  (14)  is 
shown  in  curve  B  of  Fig  1  where  y/(Vq/L)  vs.  kL  is  plotted.  The 
instability  is  purely  growing  (i.e.,  «  »i  0)  and  only  occurs  in  the 
regime  0  <  kL  <  1.  Maximum  growth  occurs  at 
kL  *  0.5  with  y  *  0.1B  (V  /L)  (Michalke,  1964). 

O  .  -  -  ~r 


C.  Generalized  Rayleigh-Taylor  instability 

We  now  consider  the  general  case  where  both  the  standard  Rayleigh- 
Taylor  and  the  Kelvin-Relmholtz  instabllties  coexist  (Drazln,  1958). 

Since  the  wavelength  regimes  of  these  two  instabilities  are  distinct  from 
one  another  (i.e.,  Rayleigh-Taylor  favors  kL  >  1  while  Kelvin-Helmholtz 
favors  kL  <  1),  one  might  think  that  these  "modes"  do  not  affect  one 
another  in  the  linear  regime.  However,  this  is  not  the  case  as  is  shown 
by  curve  C  of  Fig.  1.  Here,  we  solve  Eq.  (6)  for  the  following  profiles: 
n  •  nQ  exp  (-x*/2L2)  +  An 

and  V  *  V  tanh[(x-x  )/Lj  e  with  v  /( g/L)^2-  0.5  , 

—o  o  O  y  m 

V  /(gL)  z*  1.0,  An/n  ■  0.01  and  x  /L  ■  -2.0.  Note  that  the  scale 
o  00 

lengths  of  the  density  and  velocity  gradients  are  assumed  equal.  The 
position  of  the  sheared  velocity  flow  is  chosen  to  coincide  with  the 
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localization  region  of  the  Rayleigh-Taylor  instability.  As  in  curve  A, 
we  plot  Y/(g/L)^2  vs.  kL  and  it  is  found  that  the  growth  rate  maximizes 
at  y  *  0.4  (g/L)^2  for  kL  *  0.7  over  the  range  considered  (0  <  kL  < 

10).  The  most  dramatic  feature  of  including  velocity  shear  in  the 
analysis  is  the  strong  reduction  in  the  growth  rate  of  modes  in  the  short 
wavelength  regime  (i.e.,  kL  >  1).  Thus,  the  main  Influence  of  velocity 
shear  on  the  Rayleigh-Taylor  instability  is. to  suppress  the  most  unstable 
waves,  those  with  kL  >  1,  and  to  maximize  growth  in  the  long  wavelength 
regime  (kL  <  1). 

This  effect  of  velocity  shear  on  the  Rayleigh-Taylor  instability  can 

be  easily  seen  from  local  theory.  For  simplicity,  we  consider  Eq.  (6)  in 

the  limit  k2L^  »  k  2L^  »  1  and  v.  -  ft.  The  dispersion  equation 
x  m 

becomes 

„  ,  32v  Sinn  SV  Sinn 

:2-k ->  <-^  + — *-*>;; -s — *-o  u<>> 

3xZ  3x  3x  3x 

2  7 

where  3  V  /3x',  3V  /3x  and  31nn  /3x  are  defined  locally  at  some  point  x  - 
O  -  o  _  #t  o  , 

x_ •  Writing  3  v  /3x*  ■  V  ,  3V  /3x  ■  V  and  3inn  / 3x  •  1/L,  the  solution 
o  o  o  o  o  o 

to  Eq.  (16)  is 

“  *  -5T  (yo  +  VL>  +  7  +  v'/kL)2  +  4g/Ll1/2  (17) 

Zk  o  o  -  z  o  o 

«  • 

In  the  limit  V  +0  and  V  ♦  0,  Eq.  (11)  is  recovered.  However 
,1.0  o 

for  V  ,  V  *  0  the  velocity  shear  term  Is  clearly  stabilizing, 
o  o 

Moreover,  the  stabilizing  influence  is  k  dependent  and  we  expect  that  as 
k  Increases  the  Influence  of  velocity  shear  becomes  weaker. 

Qualitatively  this  result  is  shown  in  Fig.  1  (curve  C);  the  most  strongly 
suppressed  modes  have  kL  >  I  and  growth  Increases  as  kL  increases,  albeit 
small.  However,  owing  to  the  crude  approximation  made  in  obtaining  Eq. 
(17),  good  quantitative  agreement  cannot  be  expected. 
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kL 

Figure  1 

Plots  of  the  growth  rate  (y)  vs.  kL  under  various  conditions.  The 
profiles  used  are:  n  -  nQexp(-x^/2L^)  +  An  and 
V  -  V  tanh((x  -  x  )/L].  (A)  Hayleigh-Taylor  instability 

O  O 

with  no  velocity  shear.  Here,  Y/(g/L)”vs.  kL  is  plotted 

and  we  have  assumed  v  /(g/L)^-  0.5  and 

m 

An/no  ■  0.01.  (B)  Kelvin-Helmholtz  instability  with 
no  density  gradient,  collisions  and  gravity.  Here,  . 

Y/(Vq/L)  vs.  kL  is  plotted.  (C)  Generalized  Rayleigh- 
Taylor  instability  including  velocity  shear.  Here 
Y/(g/L)^vs.  kL  la  plotted.  We  have  assumed 

Vin/(g/L)1/2"  °*5»  V(*/L)1/2-  1*°*  An/n0  “  0,01 

and  x  /L  *  -2.0. 
o 
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IV.  Discussion 


We  have  investigated  the  influence  of  velocity  shear  on  the 
Rayleigh-Taylor  instability.  Our  analysis  includes  gravity,  density  and 
velocity  inhomogeneities  and  ion-^ieutral  collisions.  In  general,  the 
Rayleigh-Taylor  instability  is  most  unstable  in  the  regime  kL  >  1  where  L 
characterizes  the  inhomogeneity  scale  length.  On  the  other  hand,  the 
Kelvin-Helmholtz  instability,  driven  by  a  sheared  transverse  velocity 
flow,  is  unstable  for  kL  <  1.  In  the  presence  of  a  sufficiently  strong 
velocity  shear,  the  short  wavelength  spectrum  (kL  >  1)  of  the  Rayleigh- 
Taylor  instability  is  strongly  suppressed  and  a  maximum  in  growth  occurs 
for  kL  <  1.  Thus,  velocity  shear  may  cause  a  long  wavelength  mode  to  he 
preferentially  excited;  whereas  in  the  absence  of  velocity  shear  the 
dominant  wave  mode  usually  has  a  shorter  wavelength  determined  by  initial 
conditions  or  nonlinear  processes.  We  now  discuss  two  possible 
applications  of  this  theory  to  ionospheric  phenomena:  equatorial  spread  F 
and  ionospheric  plasma  cloud  strlatlons. 


It  is  believed  that  the  Rayleigh-Taylor  instability  can  play  a  major 
role  in  the  onset  of  equatorial  spread  F  (see  for  example  Ossakow,  1979; 
Fejer  and  Kelley,  1980).  After  sunset,  the  density  gradient  on  the 
bottomslde  of  the  F  layer  steepens  which  initiates  the  Rayleigh-Taylor 
instability.  However,  there  are  also  observations  of  (1)  velocity  shears 
existing  In  the  F  region  during  spread  F  (Kudekl  et  al. ,  1981;  Tsunoda  et 
al. ,  1981)  and  (2)  long  wavelength  (i.e.,  several  hundred  kms) 
oscillations  on  the  bottomslde  of  the  F  layer  (Tsunoda  and  White,  1981; 
Kelley  et  al.,  1981).  From  our  theory  we  expect  velocity  shear  to 
preferentially  excite  the  Rayleigh-Taylor  Instability  at 
kL  »  0.7.  If  we  take  L  ■  25  km  for  the  bottomslde  of  the  F  layer  then 
the  most  unstable  wavelength  occurs  at  A  -  250  km  which  is  comparable 
with  observations  < ^0bs”>‘  'an  et  al., 

1981;  -  400  km  Tsunoda  and  White,  1981;  -  tens  to  a  few 

hundred  kms,  Tsunoda ,  1981b).  Also,  the  magnitude  of  the  velocity  shear 

necessary  for  this  is  V  /L  «  2  *  10  Hz  which  is  somewhat  larger  than, 

o 

although  comparable  with,  observational  values  (Kudekl  et  al.,  1981) 

_3 

which  are  V  /L  *■  2  *  10  Hz.  Thus,  the  influence  of  velocity  shear  on 
o 

the  Rayleigh-Taylor  instability  may  explain  the  long  wavelength 


oscillations  of  the  bottomside  of  the  F  layer.  We  mention  that  gravity 
waves  have  also  been  proposed  as  a  mechanism  to  generate  these 
oscillations  (Kelley  et  al.,  1981). 

Several  aspects  of  the  theory  need  further  comment  concerning  this 
application  to  equatorial  spread  F.  First,  the  velocity  shear  profile 
used  In  the  calculation  is  based  on  observational  data  and  not  on  a  self- 
consistent  equilibrium  model.  An  equilibrium  which  provides  the  observed 
shear  flows  is  beyond  the  scope  of  this  paper.  One  possible  mechanism  to 
generate  the  velocity  shear  Is  via  a  neutral  wind  in  the  equatorial  F 
region  when  the  F  layer  is  electrically  coupled  to  a  background  R  layer 
away  from  the  equatorial  region  (Zalesak  et  al..  1981).  It  is 
interesting  to  note  that  when  such  a  coupling  occurs,  the  plume 
strtuctures  are  tilted  away  from  the  vertical  (Zalesak  et  al.,  1981). 
Thus,  the  tilt  of  the  plumes  can  he  regarded  as  a  measure  of  the  coupling 
between  the  K  and  F  regions,  and  therefore,  as  a  measure  of  sheared 
velocity  flows  in  the  F  region.  Observationally,  the  largest  amplitude, 
long  wavelength  oscillations  occur  when  the  plumes  are  strongly  tilted 
(Kelley  et  al.,  1981).  This  suggests  that  sheared  velocity  flows  may 
play  a  role  in  their  development.  Second,  the  relative  positions  of  the 
density  and  velocity  profiles  play  a  crucial  part  in  the  "interaction"  of 
the  velocity  shear  and  the  Rayleigh-Taylor  instability.  The  strongest 
effect  of  shear  occurs  when  the  velocity  shear  is  a  maximum  in  the 
localization  region  of  the  Rayleigh-Taylor  mode.  Finally,  collisions  can 
destroy  the  local  maximization  of  the  growth  rate  in  the  long  wavelength 
regime  if  they  are  sufficiently  strong.  This  indicates  that  velocity 
shear  will  be  more  important  at  high  altitudes  (>  400  km)  in  affecting 
the  Rayleigh-Taylor  instability. 

Artificial  plasma  clouds  (e.g. ,  barium  releases)  in  the  ionosphere 
are  subject  to  a  complex  and  dynamic  evolution.  One  of  the  more  notable 
.characteristics  is  the  striating  of  the  clouds,  l.e.,  "fingers"  forming 
on  one  side  of  the  cloud  (Rosenberg,  1971;  Pa vis  et  al.,  1974).  In  many 
cases  these  striations  can  be  explained  by  the  K_ x  JB  gradient  drift 
instability  (Llnson  and  Workman,  1970;  Za husky  et  al.,  1973;  Scannapieco 
et  al.,  1976).  However,  recent  shaped  charge  releases  develop  striations 
very  rapidly  (Simons  et  al..  1980;  Wescott  et  al.,  1980)  and  these 


initial  striations  cannot  be  explained  by  the  E  xB  drift  instability 
because  of  its  relatively  slow  growth  rate.  Simons  et  al.  (1980)  have 
proposed  a  kinetic  instability  driven  by  an  ion  ring  distribution  to 
explain  the  prompt  striations  in  the  Ruaro  release.  However,  it  is 
unclear  that  a  kinetic  instability  can  produce  the  large  density 
perturbations  necessary  to  explain  the  structuring  of  the  cloud.  An 
alternative  mechanism  has  been  proposed  by  Pilllp  (1971)  and  Fedder 
(1980)  which  is  based  upon  an  interchange  instability;  this  instability 
is  similar  to  the  Rayleigh-Taylor  instability,  but  relies  upon  the 
deceleration  of  the  cloud  (Scholer,  1970)  rather  than  gravitational 
acceleration.  An  inhomogeneous  electric  field  can  exist  at  the  edges  of 
the  cloud  due  to  polarization  charges  which  produce  a  sheared  transverse 
velocity  flow  (Sydora  et  al.,  1981).  Thus,  our  theory  can  be  applied  to 
the  structuring  of  barium  releases  which  are  injected  across  the  magnetic 
field.  If  the  boundary  layer  is  several  hundred  meters  thick  (L  ~  100  - 
300  m)  then  from  kL  *  0.7  we  obtain  wavelengths  X  -  1  -  3  km  which  are 
consistent  with  observations.  Moreover  such  a  layer  thickness  yields 
substantial  growth  rates  according  to  Fedder 's  model  (y  ~  10  sec  ;. 

This  final  example  is  largely  suggestive  at  this  time,  yet  is 
sufficiently  encouraging  that  further  investigation  is  warranted. 

In  conclusion,  we  have  shown  that  a  sheared  transverse  velocity  flow 

can  have  a  pronounced  effect  on  the  Rayleigh-Taylor  instability.  For  a 

sufficiently  strong  velocity  shear,  the  short  wavelength  spectrum  of  the 

instability  is  suppressed  and  growth  maximizes  at  kL  <  1.0  where  L  is  the 

scale  length  of  the  inhomogeneity.  This  result  may  explain  the  long 

wavelength  oscillations  of  the  bottomside  of  the  F  layer  during 

equatorial  spread  F  and  the  prompt  structuring  of  injected  barium 

clouds.  We  emphasize  that  this  is  a  preliminary  report  and  that  a  more 

« 

detailed  analysis  (i.e.,  parameterlc  variations)  will  be  presented  in  a 
future  paper. 
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TWO- BUBBLE  INTERACTIONS  IN  EQUATORIAL  SPREAD- F 


It  has  been  shown  (Ossakow  and  Chaturvedi ,  1978) 
that  the  E  x  B  rise  velocities  of  isolated  plasma  density 
depletions  ("bubbles")  can  be  analyzed  using  the  electro¬ 
static  analogy  in  which  a  cylindrical  depletion  can  be 
thought  of  as  a  dielectric  cylinder  imbedded  in  a  dielectric 
background  and  immersed  in  a  uniform  electric  field.  In 
these  previous  works  (for  a  more  comprehensive  review,  see, 
for  example,  Ossakow,  1981),  the  emphasis  has  been  placed 
on  understanding  the  linear  and  non-linear  behavior  of 
isolated  bubbles  with  no  interaction  between  them.  In 
reality,  however,  such  bubbles  are  not  isolated.  Thus ,  it 
is  of  interest  to  calculate  the  influence  of  the  mutual 
interaction  between  these  density  depletions.  In  this 
report,  we  summarize  the  significant  results  of  our  analysis. 

Just  as  in  the  one-bubble  case,  the  two-bubble 
problem  can  be  analyzed  using  the  electrostatic  analogy. 

In  particular,  the  equation  describing  the  electric  field 
can  be  written  as 

V  •  (nE)  =0  (1) 


where 
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E 


v . 
m 


Viji 


b 


(2) 


with 


=  ion-neutral  collision  frequency, 

=  electrostatic  potential, 

g  =  gravitational  acceleration  of  the  earth, 

b  =  B/B  =  unit  vector  along  the  earth  magnetic 
field  in  the  equatorial  F  region, 

n  =  ion  density, 


m^  =  ion  mass . 


Equation  (.1)  is  equivalent  to  V  •  J  where  J  is  defined  in 
terras  of  the  drift  velocities  V.  and  V  by  J  =  enfV.-V  ). 

It  is  useful  to  note  that  Eq .  (1)  can  be  thought 
of  as  the  Poisson  equation  describing  an  uncharged  dielectric 
material  imbedded  in  another  dielectric  with  a  uniform  applied 
electric  field,  E^ .  In  particular,  the  solution  of  this 
equation  for  the  one-bubble  case,  corresponding  to  one 
dielectric  cylinder,  is  well-known  (Smythe;  Jackson; 

Ossakow  and  Chaturvedi).  However,  no  known  analytic 
solution  exists  for  the  two-cylinder  case. 

Figure  1  shows  schematically  the  two-bubble 
configuration  to  be  considered.  Two  cylindrical  depletions 
of  radius  a  are  separated  by  a  distance  d  =  2  XQ.  The 
gravitational  acceleration  is  £  =  -g  y  (g  >  0)  and  the 
earth's  magnetic  field  B  =  Bz  is  out  of  the  paper.  Using 
the  electrostatic  analogy,  the  uniform  field  E  is  in  the 
x- di rect ion . 
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In  the  absence  of  mutual  interactions,  the  field 


outside  the  cylinders  due  to  the  presence  of  two  cylinders 
separated  by  d  =  2  xq  can  be  given  by 


_ 

(x+xor  ♦  y 


(x+xQ)“  -  y” 
(x+xQ)2  +  v 
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(x^x0)  y  a2 
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(x+x0)  +  y“  (X+XQ)“  +  y 


,  tx'xo:i  y  a2 

(x-x0)2  *  y2  (x-xc)2  *  v* 


where 


K 


n . 


m 


out 


<  1  . 


In  the  interior  of  either  cylinder,  the  field  is 


io 


Since  K  <  1 , 


Et0)  (out)  >  E 

X  v  o 


on  the  boundary  of  the  cylinder.  The  superscript  (0)  on 
the  components  of  the  field  denotes  the  non-interacting 
fields.  In  the  above  equations,  the  quantity  K  is  defined  as 


no  '  6n 


where  (nQ  -  fin)  is  the  ion  or  the  electron  density  inside 
the  bubble.  Thus,  for  depletions,  K  <  1.  In  the  electro¬ 
static  analogy,  the  cylinders  have  a  dielectric  constant 
smaller  than  that  of  the  background  dielectric. 

We  now  calculate  the  lowest  order  interaction 
between  the  two  cylinders.  In  the  present  analysis,  we 
do  not  attempt  a  full  self-consistent  solution.  Rather, 
we  seek  to  account  for  the  mutual  interaction  to  a  high 
degree  of  accuracy.  In  this  regard,  we  note  that  each 
cylinder  is  subject  to  the  self-field  of  the  other 
cylinder  in  addition  to  the  uniform  field  E„.  A  useful 
approximation  is  to  replace  this  self-field  by  the  field 
of  a  line  charge.  It  can  be  shown  that  a  line  charge 
density 
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placed  at  the  origin  (x=0,  y=0)  can  approximate  the  diverging 
field  acting  on  the  cylinder  Cl.  (Figure  1).  The  errors 
incurred  by  this  approximation  will  be  discussed  below.  For 
C2,  a  line  charge  density  of  -X*  placed  at  the  origin  has  the 
same  effect.  This  procedure  allows  us  to  gain  insight  into 
the  nature  of  the  mutual  interaction.  The  response  of  a 
dielectric  cylinder  to  a  parallel  line  charge  is  well-known 
(Smythe) .  The  field  outside  the  affected  cylinder  can  be 
obtained  by  two  image  line  charges  inside  the  cylinder.  That 
is,  the  response  of  one  cylinder  (say  Cl)  can  be  approximately 
modeled  by  a  pair  of  line  charges  X£  and  inside  Cl 

such  that 

K  =  Y^r~ K  (8) 

2 

with  -X*  and  XJ  at  x  =  -xQ  and  x  =  -xq  +  a  /xQ,  respectively. 
Inside  the  cylinder  Cl,  the  field  is  that  due  to  a  line 
charge  X*  placed  at  x  =  0  where 

K  =  r4“K  x*  •  O) 

Thus,  we  arrive  at  the  following  expressions  for  the 
components  of  the  field.  The  field  outside  the  cylinders  is 
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The  field  inside  the  cylinders  (i.e.,  depletions)  is 
given  by 


2E  2 

E  =  — -  +  4£  — '  K  _a .  x 

x  1  +  K  "  *Co  „  .^2  8xq  x2  7  y2 


Cl  +  K) 


,  E  =  ±  4E  -  -■-%  ^ - - T 

>'  °  (1  +  K)2  ^  X2  V  y2 


(12) 


where  the  upper  (lower)  sign  corresponds  to  cylinder  Cl(C2) 
defined  by  -x  -a  <  x  <  -x  +a  and  -a  <  y  <  a  (x  -a  <  x  <  x  +a 
and  -a  <  y  <  a) . 

Equations  (10),  (11)  and  (12)  give,  in  principle, 
the  necessary  information  with  which  to  calculate  the 
behavior  of  the  depletions  and  the  plasma  in  the  surrounding 
regions.  To  assess  the  corrections  due  to  the  approxima¬ 
tions  used  in  our  analysis,  we  note  that,  by  simulating  the 
effects  of  the  divergence  in  the  self-field  by  placing  line 
charges  at  the  origin,  we  have  incurred  corrections  of  the 
order  of  a/d  in  the  field  just  outside  each  cylinder  and 
corrections  of  the  order  of  a  /d“  in  the  field  near  the 

other  cylinder.  Thus,  the  approximations  affect  the  mutual 

2  2 

interaction  through  terms  of  order  a  /d  . 

Another  important  conclusion  can  be  drawn  from  the 
above  consideration.  Because  each  cylinder  is  immersed 
in  a  diverging  field,  there  is  now  a  force  acting  on  each 
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one.  This  should  be  contrasted  with  the  fact  that  a  dipole 
in  a  uniform  field  experiences  zero  net  force.  From  a 
simple  consideration  using  the  electrostatic  analogy,  it 
is  easy  to  see  that  n^n  <  nQUt;  implies  that  two  depletions 
repel  each  other.  A  more  quantitative  calculation  will  be 
presented  in  a  manuscript  by  Chen  and  Satyanarayana  in 
preparation . 

In  summary,  we  have  developed  a  method  to  calculate 
the  mutual  interactions  between  two  ionospheric  depletions 
(in  F  region).  We  have  identified  the  dominant  interaction, 
i.e.,  the  effective  dipole  interaction,  and  including  the 
interactions  to  the  lowest  order  in  a/d  due  to  the  divergent 
self-field  of  one  cylinder  which  the  other  cylinder  exper¬ 
iences.  The  components  of  the  field  including  the  inter¬ 
action  are  explicitly  given  and  summarized  [Eqs.  (10),  (11), 
and  (12)].  Moreover,  our  analysis  leads  to  the  important 
conclusion  that  depletions  repel  each  other.  This  tendency 
may  have  a  significant  impact  on  the  linear  and  non-linear 
behavior  of  a  group  of  depletions  (bubbles) . 
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FIGURE  CAPTION 


Fig.  1  Two  interacting  cylindrical  depletions.  The 

radius  is  a.  The  cylinder  Cl  is  centered  at 

x  =  -x  and  the  cylinder  C2  is  centered  at 
o 

x  =  x  .  The  external  field  is  in  the 
o  —o 

x-direction.  The  gravitational  acceleration  £ 
is  in  the  negative  y-direction.  The  earth's 
magnetic  field  is  in  the  z-direction,  pointing 
out  of  the  paper. 
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EVALUATIONS  OF  ATMOSPHERIC  COOLING  MODEL 


The  mean  annual  temperature  of  the  earth's  surface 
and  atmosphere  is  determined  by  the  balance  between  in¬ 
coming  shortwave  solar  radiation  and  outgoing  IR  flux 
emitted  to  space  by  the  surface,  clouds,  and  atmosphere. 
This  balance  may  be  signif icantly  altered  if  the  at¬ 
mospheric  concentrations- -hence  the  opacity--of  the  IR- 
active  cons titutents  vary.  The  possibility  of  changes  in 
concentrations  of  two  of  the  most  important  IR  active 
constituents- -0-  and  CO, --has  been  extensively  investigated 
by  the  atmospheric  sciences  community.  SAI ' s  two  stream 
IR  cooling  model,  developed  for  NRL  on  a  previous  contract 
has  been  utilized  in  performance  of  the  present  contract 
to  investigate  the  interaction  of  the  CO,  and  0^  fluxes 
emitted  to  space  and  their  potential  effects  on  terrestrial 
climatology. 

To  validate  the  usefulness  of  the  tw’o-stream  model 
for  this  type  of  study  we  have  first  calibrated  the  pre¬ 
dicted  CO,  and  0^  fluxes  against  published  satellite 
observations.^-*  Unfortunately  the  only  available  observa¬ 
tions  are  not  direct  measurements  of  the  flux  but  of  the 
specific  intensity  perpendicular  to  the  earth's  surface, 
(1).  The  relationship  between  the  flux  F  emitted  to 
space  and  I  is 
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1 

F  =  2n J  I  (u judp  (1) 

o 

where  u  is  the  cosine  of  the  zenith  angle  of  flow  of  the 
radiation.  For  isotropic  radiation  I(p)  =  Iq,  F  =  rIQ. 

For  a  (severe)  limb-darkening  law  of  the  form  I  =  Iqu  we 
obtain  F  =  2.09  IQ.  Therefore,  the  "conversion -factor" 
between  specific  intensity  and  flux  would  generally  vary 
between  2.09  for  severe  limb-darkening  and  3.14  for 
isotropy.  Since  the  "true"  angular  distribution  was  not 
measured  only  an  approximate  comparison  is  therefore 
obtainable.  This  is  still  obviously  worthwhile  as  a 
method  of  judging  the  realism  of  the  model's  predictions. 

Since  the  ozone  profile  adopted  for  the  two 
stream  model  reflects  observations  of  mid-latitude  concen¬ 
trations,  we  compare  our  model  predictions  with  the 
Wallops  Island  Nimbus  4  observations  of  June,  1970  as 
detailed  in  reference  1.  The  radiation  measured  in  the 
15u  C07  and  9.6y  0,  spectral  regions  unaviodably  includes 
radiation  emitted  by  the  earth  itself  as  well  as  the 
atmosphere.  Spectrally  integrating  the  C07  observations 
between  550  and  775  cm  *  (where  virtually  all  of  the  C0? 

opacity  resides)  yields  a  specific  intensity  (or  radiance) 
2 

of  17.3  w/ (m  -ster).  The  contribution  from  the  earth  is 
essentially  negligible.  Due  to  the  high  opacity  and 
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overlapping  lines  of  COt  the  flux  "formation"  region  is 

well  above  the  ground.  The  CO.,  flux  predicted  by  the 

model  using  the  actual  measured  temperature  profile  above 

-> 

Wallops  Island  is  55.1  w/m".  This  agrees  exactly  with  the 
radiance  of  17.5  w/(m“-ster)  for  a  limb-darkening  coef¬ 
ficient  of  55.1/17.5  =  5.07  (slight  1 imb -darkening) .  Even 
if  the  actual  limb  darkening  is  severe  the  disagreement  is 
at  most  20%.  Given  this  fundamental  uncertainty,  the 
prediction  of  flux  is  certainly  reasonable.  For  0^  the 
opacity  resides  between  1000  and  1100  cm  * .  Similar  inte¬ 
gration  of  the  Nimbus  4  observations  between  these  wave 

„  9 

numbers  yields  a  radiance  of  5.2  w/(m“-ster).  The  model 

7 

predicts  a  flux  due  purely  to  (K  of  4.4  w/m"  in  this 
region.  However,  the  mean  transmission  to  space  from  the 
ground  is  predicted  as  0.36  between  1000  and  1100  cm  1. 

The  Planckian  emission  from  the  ground,  ttB^  C^orouncj>  v0) 
(0.36)  (110  cm  )  amounts  to  9.8  w/m  ,  giving  a  total  pre- 

9 

dieted  flux  of  14.2  w/m“.  This  agrees  exactly  with  the 
observed  radiance  for  a  limb-darkening  coefficient  of  2.73. 
Again,  given  the  unknown  angular  distribution,  the  agreement 
is  quite  reasonable. 

The  interaction  of  CC>2  and  0^  IR  fluxes  is 
illustrated  most  strikingly  by  the  results  presented  in 
Table  1.  In  the  table  are  presented  the  atmospheric 
temperatures  obtained  by  requiring  radiative  equilibrium 
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on  a  globally  averaged  basis  for  two  cases- -present  0- 
and  50°d  of  present  0-.  Also  presented  are  the  CO.,  and 
0-  fluxes  emitted  to  space  predicted  by  the  model  when 
these  two  assumptions  are  invoked.  The  result  of  halving 
0-  is  to  decrease  the  peak  stratospheric  temperature  by 
more  than  20°K--a  direct  consequence  of  the  reduced  UV 
solar  heating  of  0-  in  this  region.  However,  the  equili¬ 
brium  surface  temperature  rises  by  0.6°K  as  a  result  of 

the  decreased  0,.  Inspection  of  the  fluxes  emitted  bv  0. 

o  •  o 

and  C07  provides  a  ready  explanation  of  this  seeming 
anomaly.  Due  to  the  much  colder  stratosphere,  the  fluxes 

-> 

emitted  to  space  by  CC^  and  0-  decrease  by  1.3  and  1.4  w/m“, 
respectively.  To  maintain  an  1R  flux  equal  to  the  constant 
solar  input,  the  troposphere  warms  by  0.6°K,  allowing 
increased  flux  from  the  ground  to  make  up  the  C07  and  0- 
deficits.  In  these  calculations  we  have  maintained  the 
albedo  of  the  earth  at  a  constant  0.3. 

The  previous  calculation  made  use  of  an  assumption 
which  has  been  adopted  by  many  workers  in  atmospheric 
science- -namely ,  that  a  reliable  globally  averaged  tempera¬ 
ture  distribution  may  be  obtained  by  solving  for  the 
temperature  profile  needed  to  balance,  at  each  altitude, 
the  globally  averaged  solar  heating  with  IR  cooling. 

However,  due  to  nonlinearities  in  the  Planck  function  and 
in  the  radiative  transfer  equation,  it  is  far  from  obvious 
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that  the  globally  averaged  cooling  (obtained  accurately 
from  multilatitude  modeling)  can  be  obtained  from  any 
single  temperature  profile.  To  test  this  assumption,  we 
have  run  a  series  of  radiative  equilibrium  calculations  on 
a  multilatitude  grid  at  solstice.  The  observed  tropospheric 
temperatures  are  adopted  as  a  lower  boundary  condition, 
but  the  temperatures  of  the  stratosphere  and  mesosphere 
are  allowed  to  float  until  radiative  equilibrium  is  achieved 
The  two-dimensional  temperature  profile  is  given  in  Fig¬ 
ure  1.  In  Table  2  we  present  the  heating  (=  cooling)  rates 
and  temperatures  at  several  fiducial  pressure  points  for 
both  the  single  globally  averaged  run  and  the  global  average 
of  the  multilatitude  grid  runs.  The  results  are  a  clear 
"victory"  for  the  single  profile  approximation.  The  maxi¬ 
mum  deviation  is  a  mere  6°  at  the  stratopause,  precisely 
where  nonlinear  effects  would  be  expected  due  to  the  tempera 
ture  gradient  reversal.  Elsewhere  the  approximation  is 
excellent.  Further  details  of  this  work  will  be  presented 
in  a  paper  now  being  prepared  jointly  with  the  NRL  staff 
for  submission  to  the  Journal  of  Geophysical  Research. 
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Table  1 


z  (km) 

T(:) (°K) 

T(2) 

K) 

°3 

0 

289.0 

289.6 

FLUX  ^ 1 

6.1 

15 

210.1 

201.2 

flux(2) 

4.7 

50 

224.5 

216.3 

(w/m2) 

50 

273.2 

249.4 

60 

243.3 

212.9 

70 

209.6 

187.8 

^ Radiative. 

Equilibrium 

Run  with 

Normal  0^. 

f'n 

v  ^Radiative 

Equilibrium 

Run  with 

0-  Halved. 

FLUX  REFERS  TO  FLUX  EMITTED  TO  SPACE. 
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Table  2 


P  (mb  1 

QU) 

q(2) 

T(l) 

( 7 
Tu 

0.19 

0.19 

210 

208 

10 

2.43 

2.34 

226 

221 

1 

10.  1 

10.5 

273 

267 

0.  1 

4.56 

4.22 

22  7 

2  22 

0.01 

2.35 

2.23 

191 

189 

Q  is  IR  cooling  rate. 

T  is  atmospheric  temperature  in  °K, 

^Refers  to  a  single  run  using  the  globally  averaged 

heating 

and  cooling 

rates . 

^Refers  to  the  numerical  global  average  of  a 

series  1 

runs  on 

a  multilatitude  grid  at 

solstice . 

0-10 


22 


FIGURE  CAPTION 


Radiative  equilibrium  temperatures  at  solstice 
calculated  with  the  two  stream  IR  cooling  model  are  pre¬ 
sented,  for  summer  in  the  southern  hemisphere.  Tropospheric 
temperatures  are  fixed  at  their  observed  values,  and  above 
80  km  radiative  equilibrium  is  not  enforced,  but  the  1962 
U.S.  Standard  Atmosphere  temperature  gradient  is  preserved. 
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INTRODUCTION 

Interest  in  stratospheric  ozone  intensified  in  the 
early  1970's  when  it  was  projected  that  a  large  fleet  of 
supersonic  transports  would  be  in  daily  operation  by  1985 
(Johnston,  1971).  It  was  predicted  that  such  a  fleet  of 
airplanes  operating  in  the  stratosphere  might  cause  a 
significant  reduction  of  stratospheric  ozone.  The  primary 
concern  of  such  a  depletion  was  the  effect  of  increased 
ultraviolet  radiation  on  the  biosphere.  Among  other  prob¬ 
lems  raised  by  the  prospect  of  ozone  depletion  were  the 
effects  on  the  atmospheric  radiation  budget  and  subsequentl 
the  effects  on  the  earth's  climate  (Ciap,  1975). 

..  •  The  consideration  of  supersonic  transports  and 
their  interaction  with  the  ozone  budget  was  a  major  influ¬ 
ence  in  the  revision  of  ozone  photochemistry.  For  many 
years  ozone  had  been  modeled  with  four  reactions  involving 
only  molecular  and  atomic  oxygen  (Craig,  1965) .  However, 
a  remeasurement  of  ozone  reaction  rates  demonstrated  that 
this  simple  chemistry  was  not  adequate  to  describe  the 
observed  ozone  profiles.  Throughout  the  1960's  and  1970’ s 
catalytic  destruction  cycles  involving  hydrogen  oxides, 
nitrogen  oxides,  and  halogen  oxides  were  identified  as 
being  important  in  ozone  photochemistry.  At  this  point  in 
time  there  are  well  over  100  chemical  reactions  that  relate 


-o  the  ozone  problem.  (McConnell  and  McElroy,  1973;  Molina 
and  Rowland,  1974;  Crutzen,  1974;  Johnston  and  Podolske,  19 
With  such  a  large  number  of  chemical  reactions  full 
scale  chemical  calculations  are  very  time  consuming  and 
expensive.  Full  scale  chemical  studies  coincident  with 
realistic  dynamical  modeling  are  virtually  impossible  to 
perform  even  on  the  largest  available  computers.  Therefore 
it  has  been  necessary  for  chemists  to  parameterize  dynamics 
transport,  and  likewise  dynamic  modelers  have  had  to 
extensively  simplify  the  chemistry  (Cunnold,  et  al. ,  1975) . 
The  simplest  dynamic  parameterization  used  by  chemists  is 
a  vertical  diffusion  which  is  designed  to  transport  ozone 
from  regions  where  it  is  produced  to  lower  altitudes  where 
it  is  more  nearly  conserved  (McConnell  and  McElroy,  1973) . 
In  an  attempt  to  represent  the  dynamics  more  realistically 
two  dimensional  diffusion  models  have  been  developed. 

These  two  dimensional  diffusion  models  use  a  symmetric 
diffusion  tensor  with  diffusion  coefficients  derived  from 
quasi-conservative  tracers  such  as  methane  and  radioactive 
fallout  (Reed  and  German,  1965).  The  same  diffusion  coeffi 
cients  are  used  for  each  chemical  constituent.  By  virtue 
of  all  these  assumptions  the  chemistry  is  independent  and 
uncoupled  from  the  dynamics  (Harwood  and  Pyle,  1977; 
Mahlmann,  1975;  and  Tuck,  1979). 
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The  ozone  distribution  has  net  been  properly 
simulated  by  2-D  chemical  models  without  significant 
tuning.  Diffusion  coefficients  are  derived  so  that  they 
explain  the  distribution  of  a  certain  tracer.  Then  these 
coefficients  are  inserted  into  the  chemical  model,  then 
the  diffusion  coefficients  are  recalculated  in  order  to 
yield  a  reasonable  profile.  The  final  diffusion  coefficients 
are  highly  unrealistic.  For  instance  the  Reed  and  German  (1965) 
coefficients  allow  only  for  down  gradient  transport.  How¬ 
ever,  up-gradient  transport  is  often  observed  in  the  strat¬ 
osphere.  Despite  these  problems,  a  diffusion  like  model 
would  be  a  very  valuable  aid  to  the  chemists.  Therefore 
the  possibility  of  deriving  more  appropriate  diffusion  models 
should  be  investigated  (NASA,  1979)  .  ..  • 

Since  planetary  waves  dominate  the  eddy  structure 
of  the  winter  stratosphere  a  planetary  wave  model  is  used 
to  model  the  winter  stratosphere.  Simplified  photochemistry 
is  incorporated  into  the  dynamic  models  and  ozone  transport 
is  studied.  The  ozone  continuity  equation  is  formulated  in 
both  the  normal  Eulerian  zonal  mean  formulation  and  in  the 
Lagrangian-mean  formulation.*  The  goal  of  the  project  is 

★ 

Eulerian  is  an  adjective  generally  used  to  refer  to  field 
like  descriptions  of  a  fluid  flow.  Lagrangian  refers  to 
particle  descriptions  of  the  fluid  flow.  In  this  paper 
Eulerian  will  refer  to  field  like  descriptions  that  have 
been  decomposed  into  zonal  mean  and  deviations  from  the 
zonal  mean.  Lagrangian-mean  will  refer  to  a  field-like 
description  decomposed  into  a  mean  based  on  particle 
displacements  from  a  disturbance  free  state,  and  deviations 
from  such  a  mean. 
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THE  LAGRANGE AN -MEAN  FORMULATION 

Consider  the  ozone  continuity  equation  where  Q  is 
a  source  terr.  and  u  is  the  mixinc  ratio  of  ozone. 


By  decomposing  the  fields  into  zonal  averages  and  deviations 
from  the  averages  the  following  mean  field  and  perturbation 
equations  are  obtained: 


u . 
1 


u . 
1 


Q 


(2) 


3u* 

TE 


+ 


u . 


c  U 
3x. 


r  1 3Xi 


=  Q' 


(3) 


Nomenclature  is  in  Appendix  A.  The  perturbation  Eq.  (3) 
has  been  linearized.  Equations  (2)  and  (3)  are  uhe  equations 
that  are  referred  to  as  the  Eulerian  formulation.  It  is 
pertinent  to  note  that  the  zonal  mean  equation  contains  eddy 
flux  terms:  terms  which  can  be  thought  of  as  wave  forcing 
of  the  mean  field.  According  to  theory,  for  linear,  steady, 
nondissipative  waves  in  the  absence  of  critical  lines;  the 
wave  induced  changes  in  the  mean  field  are  exactly  counter¬ 
balanced  by  the  eddy  fluxes  (Boyd,  1976).  Therefore,  when 
these  criteria  are  met,  the  time  rate  of  change  of  the 


mean  field  is  zero.  The  atmosphere  does  not  meet  the 


r 


stipulations  of  the  noninteraction  theorem  exactly,  but 
the  tendency  of  noninteraction  is  observed  both  in 
atmospheric  data  and  in  general  circulation  models 
(Mahlman  and  Moxin,  1978,  and  the  references  therein). 

By  transforming  the  constituent  continuity  equation 
to  the  Lagrangiar.-mean  system  it  is  possible  to  derive 
different  diagnostic  quantities  which  may  help  to  clarify  the 
important  transport  mechanisms.  The  Lagrangian-mean  system 
is  a  hybrid  Eulerian-Lagrangian  system  in  which  particle 
displacements  are  calculated  as  field  variables. 

The  formulation  does  not  attempt  to  trace  individual  particle 
trajectories;  it  deals  only  with  particle  displacement 
fields.  The  concept  of  such  a  system  has  been  in  the 
literature  for  well  over  a  century.  Andrews  and  McIntyre 
(1978)  present  one  of  the  most  complete  expositions  on 
the  Lagrangian-mean  system. 

The  Lagrangian-mean  coordinate  system  is  obtained 
by  transforming  the  reference  coordinate  system  from 
x  to  x  +  £(x,t).  I(x,t)  is  a  disturbance  associated 
displacement  field;  that  is,  when  ^(x,t)  =  0  there  exists 
a  disturbance  free  basic  state.  Since  the  definition  of 
disturbance  is  relative  to  some  sort  of  mean,  £)(x,t)  must 
be  constrained  in  some  way  in  order  to  assure  a  unique 
transform.  The  constraint  imposed  by  Andrews  and  McIntyre  is 
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0. 


£  (x 


/  *-  ) 


With  this  definition  £(x,t)  is  said  to  represent  a  "true 
disturbance  quantity." 

The  Lagrangian-mean  for  some  quantity  ;  is  defined 
as 


: L ( x , t )  =  :  (x+f  {x,  t)  ,t)  .  C5) 

A  conceptual  diagram  comparing  the  Eulerian  to  the 
Lagrangian-mean  is  given  in  Figure  1.  The  Eulerian  zonal 
mean  is  a  mean  based  on  the  geometry  of  the  coordinate 
system.  The  Lagrangian-mean  is  based  on  the  geometry  of 
the  fluid  flow.  The  geometry  of  the  fluid  flow  is  based 
on  the  original  coordinate  system.  Hence,  the  Lagrangian- 
mean  system  is  dependent  on  the  prescription  of  some  other 
mean  system,  in  this  instance  the  Eulerian  system. 

The  Lagrangian-mean  material  derivative  is  defined 
such  that 

DL(x  +  £  (x, t)  )  =  +  u^  +  £  (x , t )  j 

=  u (x  +  | (x,t) ,t)  .  (6) 

u(x  +  f(x,t),t)  is  the  actual  fluid  velocity  of  a  particle 
at  its  displaced  position.  If  the  Lagrangian-mean  operator 
is  applied  to  the  material  derivative  the  following  is 
obtained : 
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There  are  some  important  features  of  the  Lagrangian-mean 
system  that  should  be  explicitly  noted: 

(1  There  are  no  wave  forcing  terms  in  rhe 
mean  equation,  (7). 

(2)  For  the  premises  of  the  noninteraction  theorem 
the  Lagrangian-mean  velocity,  uL,  is  zero. 

(3)  The  Lagrangian-mean  velocity  is  the  velocity 
of  the  center  of  mass  of  a  particular  ensemble 
of  fluid  particles. 

The  definition  of  the  Lagrangian-mean  coordinate 
system  is  so  dependent  on  the  flow  field  that  its  practical 
use  is  severely  limited.  It  is  in  fact  very  similar  to  the 
natural  coordinate  system  used  in  synoptic  analysis.  Due 
to  the  fact  that  the  Lagrangian-mean  coordinate  system 
changes  with  the  flow  field,  Lagrangian-mean  quantities 
are  often  defined  in  terms  of  the  more  familiar  Eulerian 
quantities. 

By  definition  the  difference  between  the  Lagrangian- 
mean  and  the  Eulerian  mean  is  the  Stokes  correction,  ;s. 
That  is 
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or 


s 


s 


(85 


Ir.  order  tc 

determine 

ohe  value 

of 

the  Stokes  correction 

is  possible 

to  expand 

the  value 

of 

;  at  the  perturbed 

position  in  relation  to  the  value  of  :  at  the  unperturbed 
position. 


:  (x+  £  ix, t)  ,t) 


(x,t)  + 


+  higher  order  texrn.s. 


where  £  =  (£1f£2,£3)  is  the  displacement  vector.  First 
decomposing  ;  into  its  zonal  mean  and  deviation ,  and  then 
taking  the  zonal  average  of  the  resulting  series  the 
Lagrangian-mean  is  found  to  be 


:L  =  : (x+  £  (x, t) , t) 


(9) 


The  Stokes  correction  is  seen  from  (8)  and  (9)  to  be 


(10) 
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It  is  assumed  in  the  quasi-geostrophic  dynamics 
used  here  chat  v  and  w  may  be  neglected  in  rhe  perturbation 
equations.  This  assumption  is  manifest  to  saying  chat  any 
significant  v  and  w  fields  are  forced  by  the  waves.  There¬ 
fore,  the  mean  fields  are  second  order  in  wave  amplitude. 

As  a  result  the  second  term;  on  the  right  hand  side  of  [10)  is 
fourth  order  in  wave  amplitude.  With  this  assumption  the 
Stokes  correction  becomes 


Figure  2  provides  a  comparison  of  the  Lagrancian-mean 
description  to  the  Eulerian  description  of  the  general  circula¬ 
tion.  In  the  Eulerian  view  there  is.  a  three  cell  structure  in 
the  troposphere:  the  thermally  direct  Hadley  cell,  the  thermally 
indirect  Ferrel  cell,  and  another  thermally  direct  cell 
over  the  polar  regions.  In  the  stratosphere  and  the 
mesosphere  there  is  a  thermally  direct  cell  from  the  summer 
pole  to  the  winter  pole.  The  Lagrangian-mean  view  is  more 
in  line  with  the  intuitive  circulation  expected  from  simple 
consideration  of  the  radiational  energy  sources  and  sinks. 

The  stratosphere  and  the  mesosphere  still  show  the  same 
basic  structure.  The  troposphere,  however,  shows  a  much 
different  structure.  The  mid-latitude  Ferrel  cell  is  not 
present,  and  there  is  a  general  circulation  from  the  warm 
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equatorial  regions  to  the  cooler  polar  regions. 


The  Ferre 1 


cell  does  not  appear  because  it  is  primarily  produced  by 
wave  processes  and  these  waves  are  incorporated  into  the 
definition  of  the  Lagrangian-mean  coordinate.  Therefore, 
only  the  total  effect  of  both  wave  and  mean  motions  is  seen 
in  the  Lagrangian-mean  picture. 
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THE  DYNAMICAL  MODEL 

The  dynamical  model  used  is  meant  to  describe  the 
cress  features  of  the  winter  stratosphere .  The  linear,  steady 
state,  quasi-gecstrcphi c  perturbation  potential  vorticity  equa¬ 
tion  is  solved  on  a  beta  plane  for  a  wave  number  one  disturbanc 
The  beta  channel  is  5000  km  in  north-south  extension  and  is 
128  km  deep.  The  grid  is  36  horizontal  points  by  63  vertical 
points.  Waves  are  forced  at  the  bottom  boundary  in  a  way 
analogous  to  steady  zonal  flow  over  a  mountain.  The  mean  flow 
is  then  calculated  using  the  waves  as  forcing.  The  mean  and 
perturbation  equations  are  given  below. 


a 


u  v 


-.2 

0 


•  y 


v2  :'z  y  v': 


•y  v 


n2h  Z  i 


(12) 


(13) 


Damping  is  modeled  by  Newtonian  cooling  and  Rayleigh 
friction.  The  coefficients  of  cooling  and  friction  are 
assumed  to  be  equal.  In  the  upper  regions  of  the  model  the 
damping  increases  exponentially  to  provide  a  sponge  layer 
and  thereby  reduce  reflections  from  the  upper  boundary.  The 


P-18 


sponge 
field 
by  ref 
thi  s  s 
r.aximu: 
lines 


*1 


layer  is  sufficiently  above  the  prescribed  ozone 
to  assure  that  the  Transport  field  is  nor  obscure 
lections  from  the  sponge  layer.  The  wind  field  i: 
tucv  is  assumed  to  be  a  symmetric  westerly  jet  wi 
m  winds  of  about  60  m/sec.  There  are  no  critical 
in  this  study.  The  velocities  v  and  w  are  forced 


h 


ti¬ 


the  wave  s 
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THE  CHEMICAL  .MODEL 

The  chemistry  is  parameterized  by 

7  is  a  parameter  which  represents  che  temperature  dependence 
of  the  ozone  reaction  rates.  The  inverse  of  '•  is  the  photo¬ 
chemical  relaxation  time.  The  numerical  values  of  >  and  z 
are  derived  from  the  oxygen  only  chemistry  and  are  taken 
directly  from  Hartmann  and  Garcia  (1979).  Since  transport 
mechanisms,  and  not  quantitative  ozone  transport,  are  being 
studied,  this  chemical'  scheme  is  considered  adequate. 

Figure  3  shows,  schematically,  the  atmosphere 
divided  into  three  regions  based  on  the  ratio  of  the  dynamic 
to  the  photochemical  time  scale,  >./uk.  In  the  lower, 
conservative  region,  >,  is  so  small  that  the  ozone  is 
essentially  a  conservative  tracer.  In  the  upper,  photo¬ 
chemical  region,  "*  is  so  large  that  the  ozone  will  return  to 
chemical  equilibrium  before  it  is  transported  anywhere.  In 
the  middle  region  a  and  uk  are  of  about  the  same  size.  This 
middle  region  is  called  the  transition  region.  In  the 
transition  region  both  dynamic  and  photochemical  effects 
are  expected  to  be  important. 
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DIFFUSION  MODELS 

Dynamic  simplification  by  use  of  diffusion  models 
often  uses  a  climatological  zonal  mean  state  and  a  diffusion 
scheme  to  represent  the  effects  of  the  waves  (Harwood  and 
Pyle,  1977).  The  diffusion  coefficients  are  often  assumed 
to  be  symmetric  and  identical  for  all  chemical  species. 

For  the  dynamics  used  here  the  mean  field  and 
perturbation  constituent  continuity  equations,  Eqs.  (2) 
and  (3),  can  be  written  as 


Tt  =  “  ui  T57  ‘  — 


:  u .  _  +  Q 


(15) 


ana 


u  T>T  ~  ~  v'  Ty  ~  Tz  +  • 


(16) 


The  eddy  terms  in  Eq.  (2)  have  been  written  in  flux  form 
in  Eq.  (15)  by  use  of  the  mass  continuity  equation. 

Using  (16)  to  solve  for  the  eddy  flux  terms  Ec .  (15) 

can  be  rewritten  as 


* 


(17) 


This  derivation  is  shown  in  Appendix  B.  In  the  derivation 
of  (17)  it  has  been  assumed  that  Q  and  Q'  are  zero.  There¬ 
fore,  Eq.  (17)  represents  the  transport  for  a  conservative 
tracer.  the  diffusion  tensor,  is 
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T.iree  immediate  observations  can  be  made  from  (18).  First 
the  diffusion  tensor  is  antisymmetric,  not  symmetric  as  is 
assumed  by  Reed  and  German  (1965)  and  in  chemical  models 
( X AS  A ,  1979) .  Second,  the  diffusion  tensor  elements  are 
related  to  the  vertical  flux  of  energy  and  will  vary  strongly 
with  time.  Third,  in  the  vicinity  of  a  critical  line  (u=0) 
the  diffusion  coefficients  may  obtain  great  size,  and  this 
region  may  be  a  region  of  aberrant  transport. 

In  the  formulation  of  the  diffusion  model  the  eddy 
terms  in  Eq.  (2)  have  been  written  in  terms  of  a  diffusion 
tensor.  Following  the  more  general  derivation  of  Dunkerton 
(1980)  the  eddy  term  in  (2)  can  be  written  as 


dl„s 


(19) 


Eq.  (19)  shows  that  the  eddy  flux  terms  depend  on  the 
chemical  source;  therefore,  if  a  diffusion  model  is  to  be 
accurate  the  diffusion  tensor  must  vary  from  constitutent 
to  constituent.  Furthermore  since  only  source  terms  that 
can  be  written  as  functions  of  the  gradients  of  the  mean 
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fields  lend  nhen.se Ives  no  diffusion  formulations  all  source 
nerr.s  such  as  temperature  must  be  small  if  models  of  the 
form  of  (17)  are  no  be  valid. 


Us  in  c 


>.19;  and  (15)  it  is  found  that 


(20' 


Thus  is  the  continuity  equation  in  the  Lagrangian-mean 
system,  namely: 


(21) 


For  steady  waves 


=  0.  For  small  amplitude,  quasi- 

is  fourth  order  in  wave  amplitude 
and  can  be  neglected.  Eq.  (20)  can  then  be  written  to 
second  order  in  wave  amplitude  as 


geostrophic  flow  uL  uS 

1  ;-'xi 


+  Q 


(22) 


Equations  (15),  (16),  and  (22)  are  the  forms  of  the  continu¬ 
ity  equations  that  will  be  used  in  this  study.  Q  is  neglected 
in  both  (15)  and  (22);  not  because  it  is  small,  but  because 
it  would  have  the  same  effect  in  both  formulations  and  might 
obscure  some  eddy  transport  mechanism. 
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RESULTS 

Figure  4  shows  the  mean  ozone  distribution  used  ir. 
this  scudy.  It  is  based  on  the  data  given  by  Dutsch  (1969' 
and  Krueger  and  Minzner  (1976).  Due  to  a  lack  of  data  the 
ozone  field  above  74  km  is  an  arbitrary  function  of  height 
and  latitude.  This  arbitrariness  is  of  little  consequence 
as  the  photochemical  time  scale  is  so  short  that  there  is 
no  dynamical  effect  on  the  ozone  distribution. 

Figures  5  and  6  show  the  mean  dynamics  of  the  model. 
In  the  Eulerian  description  the  vertical  velocity  field  is 
characterized  by  rising  motion  in  the  polar  regions  and 
sinking  motion  in  the  tropical  regions.  The  meridional 
velocity  is  southward  with  its  magnitude  increasing  with 
height.  The  Eulerian  flow  shows  a  meridional  cell  driven 
by  the  northward  eddy  heat  flux  of  the  planetary  waves. 

Figures  5b  and  fib  show  the  Stokes  drifts  as  calcu¬ 
lated  with  (11).  The  Stokes  drifts  are  directed  in  the 
opposite  sense  of  the  Eulerian  mean  fields.  Since  the  Stokes 
drifts  represent  mean  wave  effects,  the  opposition  of  the 
Stokes  drifts  to  the  Eulerian  mean  flow  demonstrates  the 
tendency  towards  nonacceleration  of  the  mean  zonal  flow  by 
the  waves. 

r  —  s 

The  Lagrangian-mean  velocity,  v  =  v  +  v  ,  is  seen 
to  be  the  sum  of  two  quantities  directed  in  an  opposite 
sense.  The  Lagrangian-mean  velocity  is  effectively  the 


P-24 


small  difference  between  two  large  numbers.  It  has  proven 
difficulz  to  calculate  Lagrangian-mean  velocities  with  a 
high  degree  of  confidence. 

In  order  to  analyze  the  details  of  the  calculation 
of  the  Lagrangian-nean  velocity  field  an  analytic  model 
similar  to  the  previously  described  numerical  model  was 
used.  It  was  found  that  the  assumption  that  the  second 
term  in  Eg.  (10)  could  be  ignored  was  incorrect.  The 
Lagrangian-mean  velocity  is  of  the  same  order  as  this  term, 
and  both  terms  in  (10)  should  be  retained  in  the  calculation 
of  the  Stokes  correction. 

It  was  also  found  that  the  calculation  of  the  eddy 
meridional  velocity,  v',  should  include  damping  and  isal- 
lobaric  corrections.  The  geostrophic  approximation, 
v'  =  1/f  'i'/'x,  used  in  this  study,  approximates  the 
magnitude  of  v '  quite  closely;  however,  the  phase  is 
inaccurate  enough  that  it  affects  the  calculation  of  the 
Lagrangian-mean  velocity. 

Neither  of  these  corrections  have  been  incorporated 
into  the  results  presented  here.  The  Stokes  corrections 
are  calculated  according  to  (11)  and  the  geostrophic 
approximation  has  been  used  for  v*.  As  the  problem  is 
being  extended  these  inadequacies  are  being  corrected. 

Figures  7,  8  and  9  show  the  mean  field  ozone 
calculations  for  the  Eulerian  system.  The  vertical  flux 


shown  in  Figure  S  reflects  the  Eulerian  mean  vertical 
velocity  field  and  is  upward  in  the  polar  region  and  down¬ 
ward  in  the  tropical  region.  The  horizontal  flux  field 
shown  in  Figure  7  shows  more  structure.  In  the  conserva¬ 
tive  region  there  are  two  centers  of  transport.  There  is 
a  low  level  northward  cell  which  is  dominated  by  the 
meridional  eddy  flux.  This  northward  flux  is  dependent  on 
the  vertical  gradient  of  the  mean  ozone  field  (Clark  and 
Rogers,  1978) .  Above  this  northward  cell  there  is  a 
southward  cell  where  the  flux  is  dominated  by  the  Eulerian 
mean  meridional  velocity. 

In  the  transition  region  there  is  a  region  of  weak 
northward  flux.  If  the  constituent  were  conservative  then 
both  the  mean  flux  and  eddy  flux  would  be  southward  in  this 
region.  Therefore,  the  northward  cell  in  the  transition 
region  must  be  caused  by  dynamical-photochemical  interaction. 

Both  the  horizontal  and  vertical  flux  fields 
decrease  rapidly  with  height  in  the  photochemical  region. 
Also  both  fields  have  their  greatest  magnitude  in  the 
conservative  region.  V?hen  the  time  rate  of  change  of  the 
mean  ozone  field  (Figure  9)  is  calculated  there  is  an 
almost  complete  cancellation  of  the  horizontal  and  vertical 
fluxes  in  the  conservative  region.  The  change  in  mean 
ozone  is  concentrated  in  the  transition  region  with 
increasing  ozone  in  the  polar  region  and  decreasing  ozone 
in  cne  tropical  region. 


For  the  Lagrangian-mean  calculation  the  continuity 
equation  is  written  as 


'22 


The  first  term  on  the  right  hand  side  of  (23)  is  the  advec- 
tion  of  the  mean  field  by  the  La gran gi an -me an  velocity  and 
is  labeled  the  advective  term.  The  second  term  is  labeled 
the  stirring  term  and  is  discussed  below. 

Figure  11  shows  the  advective  term.  Its  maximum 
magnitude  is  in  the  transition  region.  Since  this  term  is 
independent  of  the  photochemistry  it  is  not  yet  understood 
why  the  maximum  of  the  advective  term  is  in  the  transition 
region.  Because  the  Lagrangian-mean  velocity  calculations 
still  contain  some  inaccuracies  interpretation  of  this  term 
is  left  for  extensions  of  this  report. 

The  time  rate  of  change  of  the  mean  ozone  field  as 
calculated  by  the  Lagrangian-mean  system  is  shown  in  Fig¬ 
ure  12.  This  tendency  field  is  equivalent  to  the  same  field 
shown  in  Figure  9  for  the  Eulerian  calculation.  Examination 
of  the  stirring  term  shown  in  Figure  10  shows  that  the 
stirring  term  dominates  the  mean  field  changes 

The  stirring  term  is  a  factor  of  5  or  more  greater 
than  the  advective  term  over  most  of  the  domain  above  40  km. 
When  the  transport  is  conservative  (1=0,  6=0)  then  the 
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stirring  term  is  identically  zero.  The  stirring  tern 
represents  the  displacement  of  particles  from  their  equilib¬ 
rium  position  and  their  subsequent  stirring  in  a  region  of 
differential  photochemistry. 

Figure  13  shows  the  projection  of  a  Lagrangian-mean 
displacement  field  on  the  latitude-height  plane.  The  pla¬ 
netary  wave  displaces  a  particle  from  its  equilibrium  posi¬ 
tion,  E,  in  the  center  of  Figure  13.  The  particle  encircles 
the  globe  in  a  helical  trajectory  about  its  equilibrium 
position.  The  number  of  complete  revolutions  about  its 
equilibrium  position  per  circumnavigation  is  equal  to  the 
integer  wave  number  of  the  v;ave .  The  projection  of  this 
trajectory  on  the  latitude-height  plane  is  an  ellipse.  For 
the  linear,  steady  state  waves  of  this  model  the  height  of 
the  ellipse  is  on  the  order  of  kilometers  while  the  length 
is  on  the  order  of  hundreds  of  kilometers. 

With  the  ellipse  situated  in  the  particular  posi¬ 
tion  shown  in  Figure  13  the  nature  of  the  stirring  term 
becomes  clear.  As  a  parcel  moves  from  A  to  B  in  the  transi¬ 
tion  region  it  does  not  reside  at  any  particular  point  long 
enough  to  reach  photochemical  equilibrium.  The  ozone  con¬ 
centration  of  the  parcel  does  however  change  as  it  moves 
from  A  to  B  and  it  arrives  at  B  with  a  different  ozone 
concentration  than  it  had  initially.  Then  as  the  parcel 
moves  from  B  bad;  to  A  the  amount  of  ozone  remains  constant. 
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Therefore  rhe  parcel  returns  to  A  with  a  net  change  m 
ozone  concentration.  It  is  the  effect  of  the  planetar 
wave  to  stir  the  particle  in  a  region  of  differential 
chemistry  and  thereby  produce  ozone  field  changes. 
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DISCUSSION  AND  EXTENSIONS 

Beth  calculations  of  the  mean  ozone  tendency  demon¬ 
strate  the  importance  of  the  photochemistry  in  determining 
the  ozone  field.  In  fact  in  the  Lagrangian-nean  formula¬ 
tion  the  stirring  mechanism  is  so  dominate  that  it  obscures 
inaccuracies  in  the  Lagrangian-mean  velocity  calculation. 

It  might  then  be  concluded  that  it  is  not  necessary 
to  accurately  calculate  the  Lagrangian-mear.  velocity.  This 
nowever  would  be  a  spurious  conclusion  since  the  mean 
chemistry  has  been  neglected.  The  mean  chemistry  will  act 
counter  to  changes  in  the  mean  fields  and  may  balance  the 
changes  to  the  extent  that  the  Lagrangian-mean  velocity  is 
a  significant  factor  in  the  mean  tendency  calculation. 
Furthermore,  the  Lagrangian-mean  velocity  in  the  vicinity 
of  a  critical  line  has  been  shown  to  be  large  (Matsuno  and 
Nakamura,  1979)  and  critical  lines  have  not  been  considered 
in  this  model.  The  effects  of  wave  transcience  and  other 
chemical  active  constituents  might  also  significantly  change 
the  results  of  this  study. 

The  major  extension  of  this  work  is  to  repeat  the 
calculations  with  a  time  dependent  model  that  simulates 
stratospheric  warmings.  Hartmann  and  Garcia  (1979)  have 
shown  that  transient  waves  can  also  be  responsible  for 
transport  in  the  transition  region  but  their  model  did 
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r.ot  simulate  stratospheric  warnings.  Transport  curing 
stratospheric  warmings  may  be  responsible  for  the  spring 
ozone  maximum  at  polar  latitudes. 

Using  the  time  dependent  model,  diffusion  paramete 
will  be  derived.  These  parameters  can  be  compared  with 
those  in  actual  use  in  chemistry  models.  Conversely,  the 
derivation  of  dynamical  parameter! zations  from  models 
designed  to  study  ozone  transport  may  allow  for  the 
construction  of  more  realistic  parameterizations. 
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NOMENCLATURE 


damping:  Newtonian  cooling  and  Rayleigh  friction, 

a  function  of  height  only 

diffusion  tensor 

-4  -1 

coriolis  parameter  (1.0  x  10  sec  ) 

scale  height  (7.0  km) 

-4  -1 

wave  number  (2  ~  x  10  km  ) 

~4  -1 

Eriint-Vaisala  frequency  (4.0  x  10  sec  ) 
pressure 

reference  pressure 
photochemical  source  function 

north  south  gradient  of  zonal  mean  potential  vorticity 

temperature 

time 

velocity  vector:  =  (u,v,w)  =  (u^u-^u^) 

position  vector:  =  (x,y,z)  =  (x^,X2,X3) 

=  (longitude,  north-south  beta 
plane  coordinate,  heicht 
(-II  n  P/PQ)) 

photochemical  temperature  parameter 

photochemical  time  parameter 

ozone  mixing  ratio 
-z/K 

density  =  :  e 


geopotential 

7  displacement  vector  =  =  (7  . 

=  (longitudinal,  north-south, 
height ; 

Averaging  operators:  for  any  ; 

Euler ian  zonal  average 

7  '  =  7  -  T  deviation  from  Eulerian  zonal  averace 


-s  ,L  - 


jagrangi an-mean  average 


StoXes  correction 


P-34 


Appendix  B 


DERIVATION’  OF  EQUATION  (17) 
THE  DIFFUSION  MODEL 


ASSUMPTIONS 

1.  Steady  perturbations 


.  t 


=  0 


2.  Linear  perturbations 

3.  The  mean  velocities,  v  and  w  can  be  ignored 
in  the  perturbation  equations. 

1 


4.  Geostroonic  v 


Z  dX 

Q,  the  source  term  is  zero 


Invoking  (B-l) ,  (E-2) ,  and  (B-3)  the  eddy  constituent 

continuity  equation  can  be  written  as 


multiplying  ( B— 6 )  by  t '  and  taking  the  zonal  average  o 
the  result  yields 


The  multiplying  (B-6)  by  and  zonally  averaging  and 
using  (B-4)  yields 


Us in 3  (.5-3;  allows  for  the  following  solution  of 


'  5  _  0  ■ 


The  using  (B-9) 


to  solve  for  w " u ’  in  (E-7)  yields 


(3-10 ) 


For  Q  =  0  (15)  can  be  written  as 


Then  using  (3-10)  and  (B-9)  for  the  eddy  fluxes  in  (B-ll) 
yields 


where  D. .  is  given  in  (18) . 
ID 
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Abstract 


The  constraints  imposed  by  conservation  of  potential  vortieity  and 
hydrodynamic  stability  on  the  amplitude  of  Fossby  waves  are 
investigated.  Amplitudes  of  stationary  waves  in  the  stratosphere  appear 
to  be  close  to  the  theoretical  limit. 
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1.  Introduction 


Ouasi-geostrophic  dynamics,  as  usually  formulated,  centers  on  the 
conservation  of  pseudo  potential  vorticity  (hereafter  simply  potential 
vorticity  or  p.  v. )  on  isobaric  surfaces  (Charney,  1973  ;  Bretherton, 
1966).  The  potential  vorticity  on  a  B  -  plane  is  given  by 


*2 

q  -  V  i>  +  f 


(1) 


where 


f  +6y.„d  ?2  -4  +  4+  — v-»  - 

°  3  x  3y  ptT  0  3z  3z 


is  the  quasigeostrophlc  stream  function  and  x,  y,  and  z  are  eastward, 

northward  and  upward  coordinates,  respectlvelv.  z  is  F  Infp  /p)  where  P 

o 

is  a  scale  height  and  pQ  is  a  reference  pressure.  p  is  the  density, 

P  “  PQ  exp(-z/F)  ;  N  is  the  buoyancy  frequency  assumed  here  to  be 
constant. 

The  spherical  approximation  for  the  potential  vorticity  is 


9 


2 fl  sin  6  - 


1 _  3(  co  cosu  ) 


COS0 
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2fl  sln9  R  3(p  T) 
p  H  N2  3z 


(2) 


1  3_  v 

a  cos0  3 A 


% 


(Matsuno,1970).  u  is  u/a  cos9  ,  the  relative  angular  rotation  rate  of 
the  earth's  atmosphere;  fi  is  the  angular  rotation  rate  of  the  earth's 
surface  and  R  is  the  dry  air  gas  constant.  T  is  the  deviation  of  the 
zonal  mean  temperature  from  the  global  average  temperature.  The  zonal 
coordinate  is  X(longttude),  and  v  is  the  meridional  (northward)  wind, 
w  and  T  can  both  be  obtained  from  the  geopotential,  •  ,  through  the 
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hydrostatic  and  zonal  momentum  equations 


3 4/3z  -  RT/H 


sin  6  cos6 
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For  (1),  *  -  */fQ  so  equations  (1)  and  (2)  are  held  to  be  valid  where 

the  thermal  wind  relation  holds.  We  will  also  use  the  standard  notation 
that  (  )  indicates  zonal  average  and  (  )“*  represents  a  deviation  from 
the  zonal  average. 

The  purpose  of  this  note  is  to  investigate  some  simple  constraints 
that  conservation  of  p.  v.  imposes  on  internal  Rossby  waves.  The 
conservation  of  p.  v.  can  be  written  as 


&-£  +  Vv<’s  0> 

where  S  is  the  source  or  sink  of  p.  v.  For  the  B-  plane  v  is  simply 
the  geostrophic  wind.  Rowever  for  a  spherical  atmosphere  v^  must 
include  the  isallobaric  component,  j  ,  for  energetic  consistency 
(Matsuno,  1970). 

In  this  note  we  will  examine  some  of  the  limitations  that 
conservation  of  potential  vorticity  Imposes  on  the  dynamics  of  the 
stratosphere.  We  will  also  investigate  some  constraints  Imposed  by 
hydrodynamic  stability.  The  quantitative  limitations  these  constraints 
put  on  the  amplitudes  of  internal  Rossby  waves  is  assessed  and  found  to 
be  close  to  what  is  actually  observed  in  the  lower  stratosphere. 
Incidentally,  we  show  that  a  question  posed  by  Charney  in  1960  (Charney 


and  Drazin,  1961)  as  to  why  the  earth  lacks  a  corona  can  be  answered  with 
out  reference  to  the  dispersion  properties  or  dissipation  machanlsras  of 
Rossby  waves i 
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2.  Constraints  on  the  amplitude  of  internal  Rossby  waves  for  stable  or 
unstable  basic  flows 

The  study  of  Internal  Rossby  waves  (and  other  perturbations 

including  baroclinic  instabilities)  is  almost  always  based  on  the 

linearized  version  of  (3)  solved  for  perturbations  about  a  basic  zonal 

flow  u(y,z)  •  The  nature  of  these  waves  is  discussed  at  length  by 

Chamey  and  Drazin  (1961),  Dickinson  (1968),  Matsuno  (1970),  Simmons 

(1974),  Schoeberl  et  al.  (1979)  and  others*  If  vertical  propagation  of 

the  Rossby  wave  is  possible  then  the  amplitude  of  the  geopotential  height 

z/2H 

increases  with  altitude  approximately  as  e  •  This  behavior  stems 
from  the  implication  in  linear  theory  that  the  basic  state  can  provide  an 
infinite  source  of  potential  vorticity  and  that  maximum  amplitude  the 
wave  can  achieve  is  only  limited  by  energy  conservation*  For  waves  where 
the  perturbation  p.  v.  is  small  no  difficulty  arises. 

For  finite  amplitude  waves,  (3)  permits  us  to  set  some  bounds  on  the 
amplitude  of  wave  perturbations.  These  bounds  are  dictated  by  the  fact 
that  if  there  is  no  source  of  p.  v.  on  a  given  isobaric  surface  then  the 
p.  v.  of  a  wave  cannot  exceed  the  p.  v.  available  from  the  basic  state  on 
the  same  surface.  This  result  is  obvious  from  the  Lagranglan  equation 
(3)  and  leads  to  several  calculable  conditions. 

[1]  The  perturbation  p.  v. ,  q'  at  any  point  cannot  be  greater 
than  the  maximum  or  be  smaller  th&n  thi  minimum  p.  v.  found  in  the  basic 
state  on  the  isobaric  surface  passing  through  that  point  unless  a  source 
of  p.  v.  is  present.  Since  the  development  of  a  wave  on  an  isobaric 
surface  according  to  (3)  can  be  viewed  simply  as  the  rearrangement  of  the 
lsopleths  of  p.  v.  on  that  surface,  this  condition  follows  directly. 


A  special  case  of  [1]  arises  when  the  basic  state  p.v. ,  q”  ,  is 
everywhere  positive.  This  is  generally  the  case;  indeed  if  q"  changes 
sign,  the  basic  state  is  inertially  unstable.  If  q>0  everywhere  on  the 
isobaric  surface  then  the  amplitude  of  the  perturbation  at  any 
point,  |q'|  ,  cannot  exceed  qat  the  same  point.  If  it  did,  the  total  p. 
v.  at  that  point  would  turn  negative  during  the  wavers  negative  phase. 

It  Is  this  special  case  that  we  will  employ  in  Section  3. 

[2]  The  integrated  perturbation  enstrophy  (q^)  cannot  exceed  the 
Integrated  enstrophy  of  the  basic  state  on  an  isobaric  surface  unless  a 
source  of  p.  v.  is  present.  This  condition  follows  directly  from  (3) 
after  multiplying-  by  q  and  integrating  over  the  isobaric  surface,  npper 
limit  arguments  for  Rossby  waves  in  the  stratosphere  using  this  condition 
are  give  by  Schoeberl  (1982)  and  will  not  be  repeated  here. 

There  Is  a  third  condition,  which  is  intuitive  rather  than  rigorous, 
and  is  not  directly  based  on  Eq.  (3).  Namely:  [31  The  meridional 
gradient  of  q'  ,  q^  should  not  exceed  q^. 

Several  rationales  can  be  offered  for  [3].  First,  the  restoring 
force  for  quasigeostrophic  waves  arises  from  the  meridional  variation  of 
q,  i.  e.  q^.  Intuitively,  one  expects  that  the  existence  of  a  wave 
would  be  compromised  when  the  wave  field  is  large  enough  to  eliminate 
this  restoring  force.  Second,  If  |q"y|  >  |<Ty  I  »  then  there  will  be 
regions  where  qy  changes  sign,  and  this  Is  generally  associated  with 
either  baroclinic  or  barotropic  Instability  (Charney,  1973;  Llndzen  and 
Tung,  197<>).  Our  experience  with  such  instabilities  on  a  basic  state 
formed  by  a  wave  itself  is  at  present  limited;  however,  the  work  of  Orr 
(1907)  suggests  that  unstable  growth  can  occur  even  when  there  are  no 
unstable  modes.  Presumably  such  unstable  growth  will  limit  the 
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amplitude,  |q'y |  . 

While  the  condition  [3]  is  not  yet  rigorously  justified,  it  forms 

the  strictest  constraint  on  the  wave  amplitude.  The  reason  for  this  is 

that  the  meridional  scale  of  variation  for  cf  is  usually  "a"  (  the 

0 

earth's  radius)  while  the  meridional  scale  of  variation  of  q  is  much 
shorter  as  we  shall  show  in  Section  3.  Thus  the  satisfaction  of 
condition  [3]  generally  guarantees  the  satisfaction  of  [1]  and  [2]. 
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3.  Quantitative  Estimates  for  the  Vinter  Stratosphere 


The  purpose  of  this  section  is  to  assess  the  amplitudes  of  planetary 
waves  permitted  in  the  stratosphere  using  conditions  [1]  and  [3] 
discussed  in  the  previous  section.  We  have  evaluated  q  and  for  the 
zonal  wind  and  temperature  profiles  given  in  Lindzen  and  Hong  (1974). 
These  profiles  which  are  shown  in  Figures  1  and  2  suggest  that 
q  *  f  **  2fl  sin  0  and  *  0  "  (20  cos  0)/a  in  the  extratropleal 

stratosphere.  Figure  3  shows  the  amplitude  and  phase  of  the 
climatological  planetary  zonal  harmonic  one  (s**l)  from  van  Loon  et  al» 
(1973).  Although  s-1  already  suggests  a  large  zonal  scale ,  Figure  3 
shows  that  the  meridional  scales  are  shorter,  0(1600  km),  and  dominate 
the  zonal  variations  in  the  height  field.  The  contributions  of  the 
vertical  variations  to  (1)  also  seem  relatively  small  in  the  lower 
stratosphere. 

For  present  illustrative  purposes  a  r(  >gh  evaluation  of  conditions 
[1]  and  f31  should  suffice.  Thus,  for  q*  *>  V  ij>"  we  will  take 


where  g  »  9.8  ms~^,  Z'  ■  the  amplitude  of  the  height  perturbation,  L  • 
the  characteristic  meridional  scale  (1600  km).  Similarly  for  q'y  we  will 
take 


q 


y 


(5) 


We  may  now  invoke  condition  [1]  using  the  criterion  that  the  stratosphere 
is  inertially  stable.  We  require  that 
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(6) 


Z '  <  f2L2/  g  -  4  »2-L2sin26  -  5525  b  sin2  8 

R 

Condition  [3]  becomes 

Z'  <  f  8  L3/g  -  -  n2L3-~  6  — -  -  691  to  sin  28  (7) 

“  ga 

Clearly,  the  results  in  Fig.  3  satisfy,  (6)  by  a  large  amount;  however, 
(7)  is  marginally  violated.  Note  in  Fig.  4  that  a  maximum  Z"  of  600  m  is 
found  at  9  •  65°  sin  where  26  -  .766  and  (7)  implies 

Z'  £  529  m 

The  simplicity  of  our  procedure  (as  well  as  observational  uncertainties) 
preclude  taking  such  differences  seriously.  However,  these  results  here 
and  enstrophy  arguments  used  by  Schoeberl  (1982)  suggest  that  the  maximum 
amplitudes  shown  in  Fig.  3  may  be  as  large  as  is  possible.  Thus,  we  may 
expect  that  exp(z/2F)  growth  will  cease  at  about  30  ~  km  altitude. 
Above  this  height  we  may  anticipate  that  nonlinearity  i%  'or  instability 
will  play  major  roles  unless  damping  reduces  magnitudes  to  values 
satisfying  condition  [3]. 
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4.  Remark  on  the  impossibility  of  a  terrestrial  corona  forced  by 
dissipating  Rossby  waves 

The  motivation  of  the  seminal  paper  by  Chamey  and  Drazin  (1961)  on 
the  vertical  propagation  of  stationary  Rossby  waves  was  to  explain  why 
the  earth's  atmosphere  lacks  a  corona.  Since  it  was  known  that  Rossby 
waves  could  propagate  vertically  they  would  grow  in  amplitude  as 
so  as  to  conserve  energy  density.  Thus  waves  which  would  be 
thermodynamically  inconsequential  in  the  upper  troposphere  could  become 
overwhelming  in  the  thermosphere  where  the  enhanced  molecular  viscosity 
and  thermal  conductivity  of  the  thermosphere  would  lead  to  the  deposition 
of  Rossby  wave  energy. 

Charney  and  Drazin  (1961)  used  linear  theory  to  examine  the 
dispersive  properties  of  these  waves  Including  those  properties  which 
would  prevent  vertical  propagation.  Their  study  has  been  amplified  by 
subsequent  authors  and  the  results  have  explained  many  of  the  salient 
features  of  stationary  waves  observed  in  the  stratosphere.  Nevertheless, 
numerical  calculations  using  linear  models  generally  show  that  wave 
number  one  could  penetrate  to  the  thermosphere  during  winter  (Schoeberl 
et  al. ,  1979). 

Ironically,  the  answer  to  the  original  question  posed  by  Chamey 
and  Drazin  (1961)  can  be  provided  without  reference  to  the  propagation 
properties  of  Rossby  waves.  Our  present  results  and  those  of  Schoeberl 
(1982)  establish  a  maximum  amplitude  for  Rossby  waves  which  appears  to  be 
reached  in  the  lower  stratosphere.  Above  that  level  there  should  be  no 
further  amplitude  growth.  Renee,  Instead  of  being  conserved,  the  wave 
energy  density  will  decrease  proportional  to  the  mean  density.  If  the 
wave  energy  density  is  thermodynamically  unimportant  in  the  lower 


stratosphere  (  as  it  nay  well  be  )  then  It  will  be  no  more  Important  in 
the  thermosphere. 


6*  Concluding  remarks 

This  note  describes  some  simple  constraints  on  the  amplitudes  of 
Rossby  naves*  The  constraints  may  seem  inconsistent  with  the  fact  that 
Rossby  waves  are,  under  some  conditions,  exact  nonlinear  solutions 
regardless  of  amplitude.  The  point,  however.  Is  that  Rossby  waves  of 
arbitrary  amplitude  cannot  be  set  up  without  an  external  source  of 
vorticity.  Similarly,  our  constraint  on  is  also  consistent  Insofar 
as  an  exact  nonlinear  solution  can  still  be  unstable. 

The  tests  presented  here  provide  a  useful  check  on  the  validity  of 
linear  calculations  and,  perhaps,  on  observational  analyses  as  well. 
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Figure  Legends 


Figure  1  The  zonally  averaged  potential  vorticity  computed  from  the  wind 
profiles  given  by  Llndzen  and  Hong  (1974).  Units:  10"4  sec"1. 

Figure  2  The  meridional  gradient  of  the  potential  vorticity,  3q/36  ,  , 
for  the  potential  vorticity  shown  in  Figure  1.  Units:  10“4  sec"1.  '• 

Figure  3  The  climatological  amplitude  and  phase  of  planetary  wave  one 
(zonal  harmonic  one)  in  January  from  van  Loon  et  al.  (1973). 
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FORMULATION  OF  A  MODAL-SPLIT-EXPLICIT  TIME  INTEGRATION  METHOD 

FOR  USE  IN  THE  UCLA  ATMOSPHERIC  GENERAL  CIRCULATION  MODEL 

1 . 0  INTRODUCTION 

In  the  explicit  time  integration  of  primitive  equations, 
the  time  step  is  limited  by  the  Courant-Friedrichs-Lewy  (CFL) 
condition  (Courant  et  al.,  1928),  based  on  the  fastest  phase 
speed  of  waves  allowed  in  the  model,  which  is  the  speed  of  the 
external  gravity  wave;  thus  the  integration  is  rather  slow. 

Since  the  meteorologically  significant  waves  have  speeds  much 
slower  than  that  of  the  external  gravity  wave  and  possess  practi¬ 
cally  all  of  the  energy  of  the  atmospheric  motion,  the  use  of  the 
explicit  scheme  is  rather  uneconomical.  Two  major  approaches 
have  been  taken  to  circumvent  this  difficulty.  First,  since  the 
gravity  waves  are  quasi-linear ,  the  portion  of  the  primitive 
..  equations  that  govern  the  linear  gravity  waves  can  be  integrated 
implicitly,  and  the  rest  of  the  equations  can  be  integrated 
explicitly  with  a  time  step  dictated  by  the  CFL  condition  for 
slow  moving  waves.  Known  as  the  semi-implicit  method,  it  has 
been  used  both  in  grid  point  models  (Kwizak  and  Robert,  1971)  and 
in  spectral  models  (Robert,  1969)  with  significant  savings  in 
computing  time  and  acceptable  accuracy  (Robert,  et  al.,  1972). 
However,  since  the  speed  of  the  gravity  waves  is  reduced  in  the 
implicit  integration,  its  accuracy  is  questionable  in  the  regions 
of  gravity  waves  excitation  (Messinger  and  Arakawa,  1977) .  The 
nemi-implicit  method  can  be  modified;  the  terms  governing  the 
linear  gravity  waves  can  be  separated  into  different  vertical 
modes.  Only  modes  with  phase  speeds  greater  them  those  of  the 
meteorological  waves — usually  the  external  gravity  wave  and  the 

Manuscript  submitted  May  26, 1981. 


first  two  or  three  internal  gravity  waves — need  to  be  integrated 
implicitly  (Burridge,  1978)  . 

The  second  approach  to  expedite  the  integration  involves 
separating  the  terms  related  to  the  gravity  waves  from  the  rest 
of  the  equations.  One  group  of  terms  is  integrated  first  with 
an  optimal  time  step,  either  explicitly  or  implicitly,  and  the 
result  of  this  step  is  used  at  the  beginning  of  the  marching  for 
the  other  group,  employing  a  different  optimal  time  step.  This 
is  called  the  splitting  method  (Marchuk,  1974;  Gadd,  1978). 

When  explicit  schemes  are  used,  the  splitting  method  does  not 
have  the  adverse  effect  of  retarding  the  gravity  waves.  However 
since  the  different  dynamic  processes  are  calculated  one  at  a 
time,  the  truncation  errors  of  all  steps  are  multiplied  rather 
than  added. 

In  a  logical  progression  Madala  (1980)*  proposed  a  modal- 
split-explicit  scheme  (MSES) ,  which  combines  the  advantages  of 
the  aforementioned  methods,  yet  avoids  their  shortcomings.  In 
this  method  terms  in  the  primitive  equations  governing  linear 
gravity  waves  are  decomposed  into  different  vertical  modes. 

Modes  with  phase  speeds  greater  than  the  meteorological  waves 
are  integrated  explicitly,  with  time  steps  allowed  by  the  res¬ 
pective  CFL  conditions  and  are  recombined  at  periodic  intervals. 
The  other  modes  and  the  rest  of  the  equations  are  integrated 
explicitly  with  a  time  step  determined  by  the  speed  of  the  slow 
moving  waves,  which  is  usually  five  times  as  large  as  the  time 
step  allowed  for  the  fastest  moving  waves.  This  constitutes 
great  savings  in  computing  time.  In  addition  since  all  waves 

*Madala  (1981)  usad  the  name  "split-explicit;"  the  first  author  added  the 
word  "nodal"  to  distinguish  it  froa  the  split-explicit  schemes  used  by 
other  authors. 
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are  integrated  explicitly,  no  adverse  effect  on  gravity  wave 
speed  occurs.  Moreover,  since  all  dynamic  terms  are  integrated 
(or  marched)  simultaneously,  the  multiplicative  truncation  error 
characteristic  of  the  splitting  methods  is  avoided. 

Thus  far,  MSES  has  been  successfully  applied  to  a  tropical 
cyclone  model  (Madala,  1981) .  The  speed  of  integration  was  in¬ 
creased  by  a  factor  of  three  over  that  using  the  explicit  method; 
this  factor,  however,  is  an  increasing  function  of  horizontal 
resolution.  The  results  also  showed  good  accuracy.  The  present 
paper  presents  a  further  investigation  of  MSES  in  order  to  ascer¬ 
tain  whether  it  is  also  a  viable  method  in  a  global  model,  in 
which  more  complexities  exist,  such  as  high  terrain  and  the 
diminishing  zonal  grid  size  toward  the  poles.  The  model  chosen 
for  this  effort  is  the  1977  version  of  the  UCLA  model  (Arakawa 
and  Lamb,  1977;  hereafter  referred  to  as  AL;  Arakawa  and  Mintz, 
1974)  . 

This  investigation  shows  that  modifications  are  necessary 
(Section  2.2);  that  additional  features  should  be  added  (Section 
2.3);  and  that  the  pressure  averaging  technique  can  be  used  to 
improve  the  efficiency  of  MSES  (Section  2.5).  In  addition,  the 
results  of  a  72-hour  test  run  showed  that  MSES  is  viable,  effi¬ 
cient,  and  accurate  for  global  weather  prediction  purposes. 

2 . 0  FORMULATION 

2.1  Basic  Equations 

Since  MSES  treats  the  terms  governing  linear  gravity 
waves  in  the  equations  of  motion  differently  from  the  rest, 
these  terms  must  first  be  identified.  The  vertical  coordinates 
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Jl 


in  the  UCLA  GCM  is 


a 


P  - 


tt 


/ 


(1) 


where  P  is  pressure;  PT  is  a  constant  pressure  at  the  model  top 
(currently  PT  -  50  mb) ;  tt  ■  Pg  -  PT;  and  Pg  is  the  pressure  at 
the  surface.  Because  there  is  only  one  layer  in  the  strato¬ 
sphere/  the  original  definition  of  o  in  the  stratosphere  (AL# 
p.  207)  is  not  used  for  reesefe*  *»?  simplicity.  All  notations 
follow  those  of  AL  unless  indicated. 


The  zonal  momentum  r i  in  the  flux  form  is. 

Cru)  +  f,i ru2)  +  — (iruvcos2$) 

cos^4*  * 


+  (iruc) 


trfv 


-  Uoo)(|j)o  +  vFx  '  <2> 

where  u  i»  zonal  velocity,  v,  meridional  velocity;  4>,  geopoten¬ 
tial;  a,  specific  volume;  f,  Coriolis  parameter;  latitude, 

X,  longitude;  a,  earth's  radius;  7X,  zonal  frictional  force; 
o  -  dc/dt;  3x  ■  acos$3X;  and  3y  ■  a3$. 

Since  0  ■  ♦_  +  where  ♦_  is  the  surface  geopotential 

S  Cl  V 

and  $  is  the  ♦  measured  from  surface,  the  pressure  gradient 

A 

force  terms  in  Eq.  (2)  can  be  writton  as 

-  ^  U$a)  •+  [(♦ai-o*ira)  +  l*a-o*a)'j  ^  *  “  *  Tx  ♦«,* 
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where  the  double  bar  denotes  global  average  on  a  a -surface,  and 
the  prime  denotes  the  deviation  from  it.  If  $  *  tt6  - 

—  cl 

(<J>  -ana)  tt,  Eq.  (2)  becomes 

cl 

It  <"“>  *h  I  *  V  (3> 

where  Ru  denotes  remaining  terms,  which  vary  slowly  in  time  com¬ 
pared  to  the  terms  on  the  left  side  of  Equation  (3) .  The  addi¬ 
tional  operator,  denoted  by  the  dash  bar,  suppresses  the  ampli¬ 
tude  of  the  short  waves  to  overcome  the  problem  associated  with 
the  diminishing  zonal  grid  size.  This  operator  is  fully  des¬ 
cribed  in  AL,  p.  248,  and  should  be  applied  to  the  zonal  pressure 
gradient  term  and  to  the  zonal  mass  flux  term.  In  a  similar  man¬ 
ner,  the  equation  governing  meridional  momentum  can  be  written 
as: 


!_  <„v>  4-  l  .  V  (4) 

The  surface  pressure  tendency  equation  is, 

7T  +  <N2>T  <D>  =  0,  (5) 

where  D  a  V*(irv)  =  ^  (“ttu“)  +  •  |y  (irvcos^)  (AL,  Eq.  (166)). 

The  row  vector  <N2>T  is  given  in  the  appendix. 

The  thermodynamic  equation  (AL,  Eq.  (209))  is 

It  +  7,<*vkV  +  ”kSk-ns 

-  '’"A-*  'A-*]  -  ^  (&  +  vk.v)  t  t  J-  Qk, 

(6) 
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where  the  subscripts  are  level  indices;  8,  potential  temperature; 
P  K 

p  *  T/6  *  ( 1000^  ;  ancl  CP'  sPec^fic  heat  at  constant  pressure. 

Integration  of  the  continuity  equation  gives  <iro>  *  [N^]  <D>. 
Thus,  Eq.  (6)  can  be  written  as: 


or  as: 

U<T>)  +  [M2]  <D>  -  <Rt>  ,  17) 

where  [M^]  <D>  denotes  the  linear  part  of  the  last  two  terms  on . 
the  left  side  of  Equation  (6) ,  and  denotes  all  the  remaining 
terms.  The  matrices  [M2]  and  [M^]  are  given  in  the  appendix. 
Instead  of  tt,  tt  is  used  in  computing  [M4]. 

Equations  (3),  (4),  (5),  (6)  and  the  hydrostatic  equation 
form  the  complete  set  of  governing  equations  in  the  model.  When 
Ru  *  *  0,  these  equations  govern  the  linear  gravity 

waves  in  an  atmosphere  with  no  basic  motion. 

2.2  The  Modal-Split-Explicit  Method 

In  the  UCLA  GCM,  <fc  is  related  to  the  temperature  nonlin- 
early  (AL,  Eqs.  (207) -(208) ) ,  and  this  will  be  denoted  by  a  sub¬ 
script  N,  thus  ( 4>fi) N.  However,  one  important  requirement  in  the 
present  scheme  is  that  a  must  be  linearly  related  to  tempera- 
ture.  This  requirement  is  met  by  a  previous  definition  of  a  in 

tt 

the  UCLA  model  (Arakawa,  1972;  and  Appendix),  and  this  will  be 
denoted  by  a  subscript  L,  thus  ($a)L*  Accordingly,  the 


R- 14 


hydrostatic  equation  has  the  form:  <<f’a>L  =  [M^]  <T>,  where 
[M1]  is  given  in  the  appendix.  The  matrix  [M^]  is  a  function  of 
tt,  when  PT  in  Eq.  (1)  is  not  equal  to  zero;  therefore,  it  is  a 
function  of  the  horizontal  coordinates.  As  part  of  the  simpli¬ 
fication,  computed  with  n  will  be  used  for  all  locations. 

In  this  way,  the  definition  of  <<)>a>L  is  modified. 

Following  the  incorporation  of  the  foregoing  arguments 
Equation  (3)  should  be  rewritten  as: 

ft  <”“>  +  lx  iN  “  V  <*> 

When  using  leapfrog  scheme  in  time,  the  finite  difference  form 
of  (3)  over  a  2 At  interval  can  be  written  as. 


(nu)t_At+(n+1)AT 


(nu) 


t-At+(n-l>  At 


-  - t-At+nAT 

+  24T  lx  <i>„ 


=  2ATR^At+nAT, 


(9) 


where  At  is  a  time  interval  allowed  by  the  CFL  condition  based 
on  the  speed  of  fastest  waves,  and  At  is  that  based  on  the 
meteorological  waves.  The  subscript  N  indicates  that  it  is  com¬ 
puted  using  nonlinear  form  of  hydrostatic  equation.  Marching 
Eq.  (9)  with  2 At  intervals  between  t-At  and  t+At  and  averaging 
these  equations  in  time  given. 


— 2At 


(7TU}t+At  -  (TTU)t"At  +  2At  C  £  ) 


N 


2At  R*At 


2At  R. 


u 


r 


(10) 


1 


L 


2  At 

where  (“)  is  the  discrete  averaging  over  the  2At  interval. 
With  regard  to  the  stability  of  the  scheme,  the  approxima¬ 
tion  of  Ru2At  by  Ry  is  allowed,  since  Ru  does  not  create  a 
high  frequency,  variation  in  iru,  and  since  it  is  a  slow  vary¬ 
ing  term..  This  approximation  introduces  a  truncation  error, 
which  is,  however,  bearable.  When  the  term  2At 
is  added  to  both  sides,  Eq.  (10)  becomes 

(iru)*+At  -  (*u)t_At  +  2At 


A  (IP;S“:g) 


-  24t  +  2tt  & 


24t  Eu  *  24t  4 


2At  I>S  ‘  2it  A  S’ 


The  right  side  of  Eq.  (11)  gives  the  change  of  xu  over  the 
2At  interval  in  one  leapfrog  step.  Therefore,  Eq.  (11) 


becomes : 


Mt+lt  -  (iru)*’44  ♦  24t  J-  tfp-i h 


•  (¥U)4+4t  -  Ora)**44  ,  (12) 

where  the  subscript  E  denotes  the  results  from  marching  once  with 

the  2At  interval' without  the  help  of  the  MSES  scheme.  Thus, 

(ttu)  t+At  can  be  found  by  marching  Eq.  (8)  over  2At  only  once,  if 
is  known. 
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Similarly,  the  other  governing  equations  are: 


t+At 


-  (tty) 


t"At  +  2At  Jy  g) 


=  Cirv)^+At  -  (mr)*"** 


<7rT>t+At  -  <irT>t”iit  +  2At  [Mj] <D2At-Dt> 


*  <irT>E+At  -  <7fT>t_At  , 


irt+At  -  +  2At  <N2>T  <D2At-Dt> 


-  _t+At  _t-At 

-  irE  -  tt 


Since  the  aim  now  is  to  obtain  the  two  sets  of 
—  2At  2At 

unknowns,  <£>  and  <D>  ,  the  four  sets  of  equations  can 
be  reduced  to  two  sets.  Forming  [t!^J  (14)  +  <airo-<i^>  (15) 
gives : 


<l£t+At  "  +  2At  [M3)<D2At-Dt> 


<iL>Et+At  “  <$.>*"** 
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where  [Hjj  *  111^3  IHj]  +  <oira-*L>  <N2>T.  The  grid  scheme 
C  (AL,  p.  182)  used  in  the  UCLA  model  is  not  changed. 

In  order  to  form  the  divergence  equation  from  Egs. 
(12)  and  (13)  it  is  convenient  to  define  ir  at  the  u  (v)  points 
as  the  average  of  the  two  neighboring  ir's  in  the  zonal 
(meridional)  direction.  However,  it  should  be  emphasized 
that  the  original  definition  of  ir  at  the  u  and  v  points  (AL, 
p.  242)  are  still  used  in  computing  Ug+At  and  v^+At. 

Equations  (12)  and  (13)  give  the  divergence 

equation 


<D>t+At  -  <D>t-At  +  2At  V2 


<D>g"At  -  <D>fc“At  ,  (17) 

c5S*  Jy  (cos*  Note  that  the  dash 

bar  operator  is  used  twice.  Spectral  equations  governing  the 
amplitudes  of  the  natural  gravity  modes  of  the  numerical  model 
can  be  obtained  by  premultiplying  equations  (16)  ard  (17)  by 
[E]-1,  where  [E]  is  a  matrix  whose  columns  are  the  eigenvectors 
of  [M3]. 
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The  spectral  equations  are, 


where  the  right  sides  of  these  equations  are  not  changed 
(except  for  the  Ax/At  factor) ,  since  they  vary  rather  slowly 
over  a  2At  period. 

Equations  (20)  and  (21)  are  inarched  in  the  2At 

interval  with  different  At  for  each  mode  as  determined  by 

the  CFL  condition  based  on  the  phase  speed  of  that  mode. 

The  right  sides  of  Eqs.  (19)  and  (20)  are,  of  course,  held 

|2At  Et 

constant  in  this  marching.  The  quantities  (D  -D  )  and 
_p2At  -Kfc 

)  are  obtained  from  averaging  the  results  of  this 
marching.  Only  modes  with  phase  speeds  greater  than  the 


maximum  speed  of  the  meteorological  waves  have  to  be  marched 

|2At  Et 

in  this  manner.  Finally  E  is  multiplied  with  (D  -D  ) 


2At  _t  *2At  t  *2  -t 

and  (£  -5“  )  to  obtain  (D  -D  )  and  -Ip  respectively. 

L  xj  L  L 


In  summary,  the  procedure  of  the  MSES  method  is: 


(1)  Calculate  the  matrices,  and  the  eigenvalues 
and  eigenvectors  of  JM3J,  using  the  prede¬ 
termined  global  mean  quantities.  This  step 
is  done  only  once , 


I  — E  _ p  /  E  E  tk 

(2)  Compute  “<£l>  ' an<*  \<D  *  -<D  >  J. 

C3)  Use  the  larger  time  interval  At,  march 

forward  one  step  and  compute  the  right  hand 
sides  of  Eqs.  (20)  and  (21). 

(4}  March  Eqs.  (20)  and  (21)  with  different  At 
for  different  modes.  For  the  six-level 
UCLA  model  (AL,  p.  176),  only  the  first  three 
modes  need  to  be  integrated  with  At  =  (1/5, 
1/3,  1/2) At. 


C5) 


Average  the  result  from  step. (4)  to  obtain 

(<|>£At-<I>J:)  and  (<D>2At-<D>t)  which  then 

allow  the  calculation  of  the  predicted  quan¬ 
tities  at  t+At  in  Eqs.  (12)  throuah  (15). 


Although  the  above  descriptions  are  based  on  the 
leapfrog  scheme,  the  changes  are  minor  when  using  the  Matsuno 
scheme,  which  is  periodically  used  in  the  UCLA  GCM,  (AL,  p. 
260).  In  the  first  part  of  the  Matsuno  scheme,  the  super¬ 
scripts  t+At,  t-At  and  2At  in  the  above  equations  are  changed 
to  t*,  t  and  At,  respectively.  Then,  in  the  second  part  of 
the  Matsuno  scheme,  the  superscripts  t-At  and  2At  are  changed 
to  t*  and  At,  respectively.  In  both  parts,  of  course,  the 
factor  2At  is  changed  to  At. 


2.3  Modification  of  the  Advective  Terms  Near  the  Poles 

Even  when  At  is  increased  by  a  factor  of  five,  the 
dash  bar  operator,  described  in  subsection  2.2,  is  sufficient 
to  circumvent  the  problem  of  linear  instability  related  to 
the  gravity  wave  terms,  due  to  the  diminishing  zonal  grid 
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toward  the  poles.  However,  the  advective  terms  3/3x  |Ori>)gj 
— where  q  denotes  u,  v  and  T--can  create  linear  instability 
near  the  poles  when  At  is  enlarged.  The  time  increment 
allowed  for  the  advective  terms.  At,  is  limited  by  At  <  eAx/ 
(u+c^) ,  where  cffl  is  the  speed  of  the  meteorological  waves, 
u  is  that  of  the  basic  flow,  and  e  has  a  magnitude  of  the 
order  of  1,  with  its  exact  value  depending  on  the  time  dif¬ 
ferencing  scheme  used.  When  u  is  large  in  the  polar  region, 
where  Ax  is  small,  At  cannot  be  increased  by  a  factor  of  five. 
One  obvious,  yet  undesirable,  solution  is  to  use  a  smaller 
At.  The  solution  used  here  is  to  apply  the  dash  bar. opera¬ 
tor  to  q  in  the  terms  3/3x  I(iulq]  in  Eqs.  (272)  and  (299) 
of  AL.  Thus,  in  step  2  of  the  MSES  procedure  in  subsection 
2.2,  the  second  term  in  Eq.  (299)  is  changed  to  (with  notation 
of  AL) : 

- 5 

6 ^  [F(  T  )  ]. 

Also,  the  changes  in  £q<  (272)  are  to  substitute  Eq.  (275) 
into  Eq.  (272)  and  then  to  apply  the  dash  bar  operator  on 
u  in  those  terms  containing  F*".  Similar  changes  are  made 
for  the  v  component  equation..  Short-term  tests  (72  hrs.) 
show  this  method  is  successful  in  controlling  linear  insta¬ 
bility;  however,  since  the  quadratic  conservation  properties 
no  longer  hold,  there  can  be  some  side  effects  in  this 
approach,  as  will  be  shown  in  the  result  section. 
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2.4 


The  Time  Differencing  Method 

As  shown  in  Figure  1,  the  time  differencing  method 
used  to  calculate  the  dynamic  terms  consists  of  a  series  of 
the  leapfrog  schemes,  with  a  periodic  insertion  of  the 
Matsuno  scheme.  The  source  and  sink  terms,  and  the  verti¬ 
cal  flux  convergence  term  of  the  moisture  equation,  are 
calculated  as  an  instantaneous  adjustment.  For  At  *  30  min., 
these  calculations  are  done  after  each  leapfrog  or  Matsuno 
step.  Thus,  the  time  differencing  method  for  the  physical 
processes  is  not  changed. 

2.5  Addition  of  the  Pressure  Averaging  Method 

The  pressure  averaging  method  (Shuman  et  al., 

1972)  can  be  applied  to  the  integration  of  Eqs.  (19)  and 
(20)  to  reduce  the  overhead  in  using  the  MSES  scheme. 

Briefly,  when  this  method  is  used  on  the  2-D  linear  gravity 
wave  equations, 

4>t  +  gH  ux  «  0  , 

and 

ut  +  *x  “  0  ' 

where  u  is  the  perturbed  wind  in  the  x-direction,  4>  the 
perturbed  geopotential  of  the  free  surface,  and  H  the  basic 
state  surface  height.  The  time  differencing  scheme  has  the 
form: 
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and 


(♦T+1-*T"1)/2At  +  gH  ux  -  0  , 

(uT_1-uT"1)/2At  +  i*  -  0  , 

where 

(V  -  a  |  C  P+1,+  {  P"1)  +  (l-2a)  (  p  . 

with  tnis  method,  At  can  be  almost  twice  as  large  as  that 
allowed  by  the  CFL  condition.  Thus,  when  this  method  is 
applied  to  Eqs.  (20}  and  (21)  the  term  £  is  changed  to 
£ .  In  the  present  investigation,  a  =  0.24  is  used.  Thus, 

Eqs.  (20)  and  (21)  can  be  integrated  with  At  *  (1/3, 1/2, 1/1. 5) At 
for  the  first  three  modes.  A  detailed  analysis  of  this 
method  was  performed  by  Brown  and  Campana  (1978). 


3.0  RESULTS  AND  DISCUSSION 

The  performance  of  the  present  MSES  formulation 
is  of  course  judged  by  its  stability,  efficiency,  and 
accuracy.  The  following  discussions  are  directed  toward 
these  characteristics. 

3.1  Stability 

Two  12-hr.’  and  one  72-hr.  runs  starting  from 
different  initial  conditions  showed  that  the  present  MSES 
formulation  is  capable  of  avoiding  linear  instability. 
Since  the  linear  stability  criterion  depends  not  only  on 


the  wave  speeds  but  also  on  the  wind  speed,  present  formulation 
should  be  tested  with  large  wind  speed,  especially  in  the  polar 
region  where  zonal  grid  size  is  small.  In  one  preliminary  12-hr. 
test  run  the  v/ind  speed  near  the  northpole  reached  more  than 
50m/s  and  no  linear  instability  occurred. 

3.2  Efficiency 

Tests  show  that  when  the  UCLA  GCM  with  A$  =  4°, 

AX  =  5°  and  At  =  30  min.  (five  times  of  the  original  At)  was  run 
on  a  CDC  175  without  physical  processes,  the  reduction  in  inte¬ 
gration  CPU  time  by  MSES  is  48%  of  which  4%  is  due  to  the 
addition  of  the  pressure  averaging  methods.  The  efficiency  can 
be  greater  if  the  resolution  increases.  The  net  reduction  in  ■ 
CPU  time  for  the  full  model  depends  on  the  amount  of  the  CPU  time 
used  for  the  physical  processes,  which  of  course  get  no  improve¬ 
ment  from  MSES.  The  reduction  is  24%  for  the  full  UCLA  GCM  with 
the  aforementioned  grid  size.  Only  when  a  large  portion  of  CPU 
time  is  allocated  to  dynamic  processes  does  it  pay  to  adopt  the 
MSES. 

3.3  Accuracy 

Two  72-hr.  runs  with  and  without  MSES  were  made 
starting  from  the  same  well-balanced  initial  conditions,  which 
is  the  end  of  another  72-hr.  run.  The  initial  conditions  and 
the  results  at  hour  72  are  shown  in  Figures  2  and  3  for  sea 
level  pressure  and  500  mb  geopotential  height,  respectively .  The 
difference  between  the  two  runs  is  very  small  when  compared  with 
the  changes  over  72  hrs.  The  RMS  differences  in  surface  pres¬ 
sure,  in  500  mb  geopotential  height,  and  in  500  mb  zonal  wind 
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between  the  two  runs  are  given,  in  Table  1.  The  RMS  difference 
in  500  mb  geopotential  height  at  hour  72  is  16  meters,  which  is 
very  small,  when  compared  with  a  typical  forecast  error  of  75 
meters.  Also  the  RMS  difference  in  500  mb  zonal  wind  at  hour  72  is 


2.4  m/s  compared  with  the  typical  48  hr.  forecast  error  of  8.5 
m/s.  Although  there  was  concern  whether  computing  the  matrices 
using  a  globally  averaged  tt  was  appropriate  for  high  terrain 
areas,  no  adverse  effect  over  these  regions  was  detected.  One 
obvious  discrepancy  between  the  two  runs  is  that  after  72  hrs., 
a  strong  high  centered  at  35°  E,  80°  S,  appeared  in  the  run 
using  MSES,  whereas  only  a  weak  high  occupied  this  region  in  the 
other  run.  A  separate  72-hr.  run  using  MSES,  and  starting  from 
the  same  initial  conditions  but  without  the  physical  processes, 
also  has  this  intense  high  (Figure  4) .  Thus,  it  is  reasonable 
to  consider  this  discrepancy  a  side  effect  of  the  modification 
described  in  Section  2.3. 

Table  1.  RMS  Differences 


RMS  Difference 


Surface 
Pressure  (rob) 


500  mb 

Geopotential 
Height  (m) 


500  mb 
Zonal 

Wind  (m/s) 


24 

hr. 

1.09 

8.93 

1.03 

48 

hr. 

1.54 

12.40 

1.79 

72 

hr. 

1.97 

15.78 

2.40 
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Overall,  the  results  are  remarkably  good  outside  the 
regions  very  close  to  the  poles.  The  poor  performance  near  the 
poles,  however,  is  not  a  direct  consequence  of  applying  MSES, 
but  it  is  related  to  the  horizontal  differencing  scheme,  and  to 
the  diminishing  zonal  grid  size  near  the  poles.  Whether  this 
problem  precludes  long-term  integration  was  not  answered  in  this 
study,  due  to  the  limitations  on  computing  resources. 

Thus  far  the  discussion  on  accuracy  is  based  on  the 
runs  starting  from  a  well-balanced  initial  condition.  Whether 
the  good  accuracy  can  still  be  maintained  in  runs  starting  from 
an  initial  condition  that  is  generated  from  an  initialization 
program  is  again  not  answered  due  to  the  limitations  on  computing 
resources.  Nevertheless,  since  a  reasonably  good  initialization 
program  should  generate  a  fairly  balanced  initial  condition,  this 
problem  may  not  be  a  justified  concern.  (However,  incompatabi- 
lity  between  the  initial  thermodynamic  fields  and  the  cumulus 
parameterization  scheme  can  generate  initial  imbalance.) 

Besides,  should  this  problem  be  serious,  the  use  of  MSES  can  be 
delayed  for  a  while  (say,  12  hrs.),  after  the  initial  imbalance 
has  died  down. 
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Fig.  2a  —  Initial  sea  level  pressure  (mb),  Northern  Hemisphere 
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Fig.  2d  —  72  hr.  sea  level  pressure  (mb).  Southern  Hemisphere,  no  MSES 
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Fig.  3c  —  72  hr.  500  mb  geopotential  (60  meter  interval),  Northern  Hemisphere,  no  MSES 


Fig.  3d  —  72  hr.  500  mb  geopotential  (60  meter  interval),  Southern  Hemisphere,  no  MSES 
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Fig.  4c  —  72  hr.  500  mb  geopotential  (60  meter  interval), 
Northern  Hemisphere,  with  MSES,  dry  model 
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APPENDIX 


In  a  K-level  a  coordinate  model,  where 
a  =  CP-PT)/CPS-PT)  , 

T 

<N2>  *  (Ac^AOj, - Aok)  , 

The  hydrostatic  equation  for  $a  (Arakawa,  1972, 
p.  25)  is: 


(A-l) 


(A-2) 
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for  k  -  1 


5 1*  M 


for  k  >  2 


The  matrix  can  be  constructed  from  the  preceding  equa¬ 
tions,  where  Equations  (A-l)  and  (A-2)  give  *  1#....K) 

as  a  linear  function  of  Tk(k  =  The  element  (M1)i,j 

equals  the  <p . ,  computed  using  T .  =  1  and  T.  =  0  for  all  k  ^  j 

1  J  K 


Ac1  0- 


Acr  Ac- 
1  2 


■o\  f0\^a\  °2^°2  **" 

•0  \  /  0^03.  °3Ao2  ” 


[N,]  =  -  -  + 


Ao1Ao2 - AOj 


E. 

■o2AaK 

E, 

-a3AaK 


^K+1A°1  °K+lAa2  °K+lAaK 


(A- 3) 


E 

a  denotes  a  at  an  interface  between  two  layers  as  shown 
in  Fig.  A-l.  When  <no>  =  [N1)<D>  is  substituted  in  the 
thermodynamic  equation  M2  and  can  easily  be  construc¬ 

ted. 

The  thermodynamic  equation  is 


It  (lT  V  +  vkV  +  '^k-rtVk-* 


‘  (7ro)k-^kek-»s 


(A-4) 
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where 


Thus, 


where 


and 


Tk  /  3  \ 

'  ’  T*  T#  (TE  +  vk’7)  11  +  r  Vcp  , 

li 

^l°TO>k 


tn9k  -  tn9k+l 

1 _ 1 

ek+l  ^k 


9 


^■<ttT>  +  [T] <D>  +  [M4]<D>  *  -r  <~L><N2>T<D> 

P 


[m4] 


( Vk ,  j  pk®k+>s"Vk-l ,  jpk^k-Js)  /Aok ' 


<R>, 


V  -4 


where  V  =  [N^.] 


and 


ficva.)  1<N2>^ 


[M,3 


[M4]  +  [T3  +  £- 


It  should  be  emphasized  here  that  all  quantities  in  the 
matrices  are  computed  using  the  globally  averaged  temperature 
and  surface  pressure. 


REFERENCES 


Arakawa , 


Arakawa , 


Arakawa , 


Brown,  J. 


Burridge, 


Courant , 


Gadd,  A. 


A.,  1972;  Design  of  the  UCLA  general  circulation 
model .  Numerical  Simulation  of  Weather  and 
Climate,  Dept,  of  Meteorology,  Univ.  of  California, 
Los  Angeles,  Tech.  Report.  7,  116  pp. 

A.,  and  Lamb,  V.  R. ,  1977;  Computational  design 
of  the  PCLA  General  Circulation  Model. 

Methods  in  Computational  Physics,  Vol.  17, 

Academic  Press,  173-265. 

A.,  and  Mintz,  Y. ,  1974:  The  PCLA  atmospherical 
general  circulation  model.  Workshop  notes.  Dept, 
of  Meteorology,  UCLA. 

A.,  and  Campana,  K.,  1978;  An  economical  time- 
differencing  system  for  numerical  weather  predic¬ 
tion,  Mon.  Wea.  Rev.  106,  1125-1136. 

D.  II.,  1975:  A  split  semi-implicit  reformulation 
of  the  Bushby-Timpson  10-level  model.  Quart.  J. 

R.  Met.  Soc.,  101,  777-792. 

R. ,  Friedrichs,  K.,  and  Lewy,  H.,  1928.  Pber  die 
partiellen  Dif ferenzengleichungen  der  mathematischen 
Physik.  Math.  Annalen,  100,  32-74. 

J.,  1978:  A  split  explicit  integration  scheme  for 


Kwizak,  M. ,  and  Robert,  A.  J.,  1971.  A  semi-implicit  scheme 
for  grid  point  atmospheric  models  of  the  primitive 
equations .  Hon.  Wea.  Rev.,  99,  32-36. 

Madala,  R.  V.,  1981:  Efficient  time  integration  schemes 

for  atmosphere  and  ocean  models.  Chap.  4,  Finite- 
difference  techniques  for  vectorized  fluid  dynamics 
calculations.  Springer  Series  in  Computational  Physics 

Marchuk,  G.  I.,  1974:  Numerical  methods  in  weather  predic¬ 
tion.  Academic  Press,  277  pp. 

Messinger,  F.,  and  Arakawa,  A.,  1976:  Numerical  methods  used 
in  atmospheric  models.  WMO-ICSU  GARP  Publication 
Series  No.  17,  64  pp. 

Robert,  A.  J.,  1969  :  The  integration  of  a  spectral  model 
of  the  atmosphere  by  the  implicit  method.  Proc. 
WHO/IUGG  Symposium  on  Numerical  Weather  Prediction 
in  Tokyo,  1968.  Meteor.  Soc.  Japan.  VII-19-VII-24 . 

Robert,  A.  J.,  Henderson,  J.,  and  Turnbull,  C.  A.,  1972:  An 
implicit  time  integration  scheme  for  barocllnic 
models  of  the  atmosphere.  Hon.  Wea.  Rev.,  100, 
329-335. 

Shuman,  F.  G.,  1971:  Resuscitation  of  an  integration  proce¬ 
dure.  NMC  Office  Note  54,  55  pp. 


R-52 


Appendix  S 


DIOCOTRON  INSTABILITY  OF  A  RELATIVISTIC 
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Diocotron  instability  of  a  relativistic  coaxial  multi-ring 
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The  diocotron  stability  properties  of  a  relativistic  coaxial  multi-ring  hollow  electron  beam  are  investigated 
using  a  macroscopic  cold  fluid  description  based  on  moment-Maxwell  equations.  It  is  found  that  for  a  broad 
range  of  beam  parameters  and  somewhat  more  general  type  beam  profiles,  the  growth  rate  of  instability  has  a 
sensitive  dependence  on  fractional  charge  neutralisation,  relative  position  of  the  rings  with  conducting  wall, 
and  gap-length  of  the  rings.  In  the  case  of  a  sharp  boundary  density  profile,  the  beam  can  easily  be  stabilized 
by  a  small  fractional  charge  neutralization  with  appropriate  gap-length.  The  growth  rate  can  be  either 
enhanced  or  reduced  depending  on  the  position  and  gap-length  of  the  rings. 


I.  INTRODUCTION 

There  has  been  considerable  interest  in  recent  years 
in  the  development  of  powerful  relativistic  electron 
beams.1  "J  Intense  relativistic  hollow  electron  beams 
have  recently  been  used  in  the  laboratory  for  high- 
power  microwave  generation,2  in  electron  ring  accel¬ 
erators,  and  auto-accelerators,3  etc. 

The  auto -acceleration  process  is  a  collective  accelera¬ 
tion  mechanism  for  generating  a  high  kinetic  energy 
hollow  electron  beam.  Such  beams  are  often  designed 
to  have  approximately  uniform  electron  density  within 
an  annular  space  near  the  wall  of  a  cylindrical  drift 
tube  with  no  electrons  outside  the  annulus.  Previous 
theoretical  studies  of  the  diocotron  instability  in  hollow 
beams  have  assumed  a  beam  profile  of  this  type. 

We  have  considered  a  somewhat  more  general  type 
beam  profile ,  namely ,  a  hollow  coaxial  multi  -  ring  elec  - 
tron  beam.  Using  a  macroscopic  cold  fluid  model,  the 
diocotron  instability  which  characterizes  a  hollow  multi¬ 
ring  electron  beam  has  been  investigated  for  a  broad 
range  of  beam  parameters  and  different  geometries. 
Significantly  different  results  exist  between  the  multi  - 
ring  and  single-ring  hollow  beams.  Description  of 
these  differences  is  the  purpose  of  this  paper. 

The  basic  theory  and  assumptions  are  described  and 
the  equilibrium  properties  of  the  beam  are  examined  in 
Sec.  n.  In  Sec.  in,  we  confine  our  study  to  systems  ex¬ 
hibiting  linear  behavior  from  which  an  eigenvalue  equa¬ 
tion  for  the  perturbed  potential  is  derived.  In  the  case 
of  a  square  radial  density  profile  a  closed  algebraic  dis¬ 
persion  relation  for  the  complex  eigenfrequency  is  ex¬ 
tracted.  The  dispersion  relation  is  solved  numerically 
in  Sec.  IV  and  the  stability  properties  are  Investigated 
in  detail.  The  conclusions  are  drawn  in  Sec.  V. 

II.  BASIC  THEORY 

We  start  by  considering  a  two-ring  electron  hollow 
beam  with  a  smooth  perfectly  conducting  wall  as  shown 
in  Fig.  1.  The  analysis  of  dynamic  properties  is  based 
on  a  macroscopic  cold  fluid  model  which  is  idealized  in 
that  the  flow  is  laminar  and  there  is  no  variation  in  the 


axial  direction.4  We  assume  a  system  infinite  in  the 
axial  direction,  and  a  strong  uniform  background  mag¬ 
netic  field  which  prevents  the  beam  from  spreading.  We 
consider  a  cylindrically  symmetrical  electron  beam  con¬ 
taining  n  electrons  per  unit  volume  moving  along  a 
strong  axial  magnetic  field  in  a  conducting  drift  tube  at 
low  pressure  so  that  the  beam  is  neither  current  nor 
charge  neutralized.  Two  components  are  assumed, 
ions  with  charge  q  have  no  component  of  velocity  along 
the  beam  and  electrons  move  with  velocity  &cl,,  which 
is  assumed  large  compared  with  the  transverse  velocity. 
We  allow  partial  neutralization  by  a  fraction  /  of 
charges  of  opposite  sign  trapped  in  the  beam.  The  neu¬ 
tralization  fraction  /  denoting  the  ratio  of  neutralizing 
charge  to  beam  charge  is  assumed  uniform  across  the 
beam.  By  virtue  of  these  assumptions  the  electrons  are 
described  in  cylindrical  geometry  (r,  9,t)  as  a  macro¬ 
scopic  cold  fluid  immersed  in  a  uniform  axial  magnetic 
field  Bq  i,  with  both  radial  space-charge  and  azimuthal 
self-magnetic  fields  included.  The  continuity  equation 
and  the  equation  of  motion  for  the  electron  fluid  can  be 
expressed  in  the  relativistic  form  as 

|2.+v.(nV)  =  0,  .  (1) 

wl 

•  vj  ytnY = q(E  +VXB),  (2) 

where  n(x,t)  and  V(x,  t)  are  the  density  and  mean  veloc¬ 
ity  and  E(x,  t)  and  B(x,  t)  are  the  electric  and  magnetic 
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FIG.  1.  Longitudinal  and  cross  section  of  equilibrium  con¬ 
figuration  and  coordinate  system. 
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fields,  respectively,  q  and  m  are  the  charge  and  rest 
mass  of  th'  iectron  and  y  ■  (1  -  and  0 ■  vjc  are 
the  stands*  .wlativistic  quantities,  and  c  is  the  velocity 
of  light  in  vacuum.  The  system  can  be  closed  by  adding 
Poisson’s  equation  and  Ampere’s  law 

V.B-io'Hl  -f)qn,  (3) 

d£ 

PxB  =  fJo<7j3C7!l,  +  40€0~,  (4) 

where  j*0  and  e0  are  the  permeability  and  permittivity 
of  free  space. 

The  equilibrium  state  (8/8f  «0)  is  azimuthally  sym¬ 
metric  (8/88  *0  and  8/8*  >0)  and  is  characterized  by 
electron  density  n(r)  and  azimuthal  electron  fluid  veloc¬ 
ity  V82*.  The  deviation  from  charge  neutrality  produces 
a  radial  electric  field  that  influences  the  azimuthal 
motion  of  the  electron  fluid.  In  the  case  of  a  sharp¬ 
boundary  equilibrium  in  which  the  electrons  have  a 
double  rectangular  density  profile  as  shown  in  Fig.  2, 
where  r*Rc  is  the  radial  location  of  a  grounded  con¬ 
ducting  wall,  the  self-generated  radial  electric  and 
azimuthal  fields  can  be  obtained  by  integrating  Eqs.  (3) 
and  (4).  Thus, 


ntrt 


0  S,  Sj  R,  R, 


FIG.  2.  Beam  electron  density  profile  for  two-ring  geometry. 


rigid  rotation.  Laminar  flow  and  the  assumption  of 
azimuthal  symmetry  together  imply  that  individual 
charges  moves  in  helices  of  constant  radius. 

III.  STABILITY  ANALYSIS 

We  assume  that  all  the  perturbed  quantities  satisfy 
the  conditions  d[  ]/8*«0,  d[  ]/dt  «iu[  ],  and  s[  ]/80 
*  — *ft  ]  with  Im(u>)<  0,  where  f  is  the  azimuthal  har¬ 
monic  number.  After  Fourier  decomposing  the  fluid- 
Maxwell  equations  (1)  to  (4),  it  is  straightforward9  to 
show  that  in  the  strong  magnetic  field  regime 
the  eigenvalue  equation  for  the  perturbed  field  has  the 
form 


The  radial  electric  field  arising  from  the  space 
charge  has  been  reduced  by  a  factor  of  (1  -/)  because 
of  the  effect  of  partial  neutralization  by  ions.  It  follows 
from  Eq.  (2)  that  equilibrium  force  balance  in  the 
radial  direction  can  be  expressed  as 

-ym  V%/y  q{Er  *  VeB0  -  £cB«) .  (6) 


Equation  (8)  is  simply  a  statement  of  the  radial  force 
balance  of  the  centrifugal,  magnetic,  and  electric 
forces  on  an  electron  fluid  element.  The  self-magnetic 
field  produces  a  force  toward  the  axis  which  is  weaker 
than  the  outward  radial  electrostatic  force.  The  balance  . 
among  electric,  centrifugal,  and  magnetic  forces  gives 
the  angular  velocity  w»(r)  of  an  electron  fluid  element 
in  slow  rotational  equilibrium 


.  .  v.  lAl s,< 


r<Rf , 

l/r3  Rt<r<R4 , 


where  and  are  the  electron  cyclotron  and  plasma 
frequencies,  respectively,  w,  can  be  permitted  to  de- 
oend  on  r,  giving  sheared  cold  fluid  rotation  rather  than 


fi— r— - 
Vr  8r  8r  ~ 


-2IS»(r)[0tr  -  A,)  -  6(r  -A,)  +6(r  -A.)  -  8(r-A4)] 

V([u>/w„]  -  [ly»'VwD]) 


18) 


where  the  perturbed  potential  6<p(r)  *  6©(r)  -  ptA.{r),  0 
and  A  are  the  scalar  and  vector  potentials  of  the  elec¬ 
tromagnetic  field,  the  diocotron  frequency  is  defined  by 
■  wjj/2y*u)e»,  and  w»(r)  was  given  in  (7).  The  right- 
hand  side  of  the  eigenvalue  Eq.  (8)  is  equal  to  zero  ex¬ 
cept  at  the  surface  of  the  beam.  Moreover,  the  eigen¬ 
function  8 <p(r)  satisfies  the  vacuum  Poisson  equation 
except  at  r*Rlt  A,,  A,,  and  R4;  therefore,  the  piece- 
wise  solution  for  the  homogeneous  equation  can  be  ex¬ 
pressed  as 


The  ten  coefficients  are  functions  of  A„  A,,  A,, . . . , 

A,  to  be  determined  by  the  boundary  conditions,  the 
requirement  implied  by  delta  functions.  The  eigenfunc¬ 
tion  is  continuous  at  each  boundary  and  vanishes  both  at 
r  *0  and  The  effect  of  the  delta  function  can  be 

considered  by  multiplying  both  sides  of  r  and  integrating 
over  the  infinitesimal  interval  from  r(l  -  «)  to  r(l  +c) 
with  f-0  in  the  vicinity  of  r*8„  A,,  Rt,  and  A,,  re¬ 
spectively.  Therefore,  we  have  the  following  dispersion 
relation  given  by  ten  equations  with  ten  unknowns: 
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b  =0,  aR[  *bR;‘  *cR[  * dR\ ,  cfll  -dftf1  -  oft!  -Mt;'  =  -2(oftJ  +M1"Hw/«J,)_1 , 
cR'j  *dR *eR\  +/R;‘,  et^-fR;'  -cR\  *dR *=2(cftJ  i-dA,‘')[(u)/u>B)  -  K,]"1 , 
*fti  -/ft;1  »*ftj  ,  gft{  -/(ft*,1  - cfti  +/«;'  * -2(«a;  -/ft;'  )[(w/u>e)  -  r,)*1 , 
^fli+Jift;1  *=ifti-jft;',  ifti-jR^ -ffti-Aft;1  «2UAi-hA4")[(u>/wB) - r,]-1, 

*ft»  +/ftc '  *  0  , 

where 


r,  -  (1  - yJ/)(ft|  -  ft^/ftj,  r,  -(1  -  yVKftJ  -  fi\)/Rl,  r,=(i  -  y’/Kfti  -  ft|  -ft?  -  r\)/r\ . 


The  determinant  of  the  ten  linear  equations  gives  a  dispersion  relation  of  the  form 


*ct*0 , 


where 

Cl  »ftlc  —  ftjc -ftjc  “  ft*c  — 

c,  «=ftB  -ftu  +ftl4  +ft„  -ft„  +ftJ4  +  -  r4  +  r,- 2  +  YxYt  *YtYy  -TjT, - ftM(l  -  T,  -  T,  -  T,)  -  ftIe(l  - K,  +  T,) 

-  ftJe(i  +  Yi  +  r,)  -ft^i  +  r,  +  r.) , 


(10) 


(ID 
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GAP  — LfNOTH  d 

FIG.  3.  Growth  rate  w(/wfl  vs  gap-length  d«(ft}-R})/(Rt-Jll) 
for  ftt  *  0. 34  Rg,  Rt  ■  0. 92  R,  (ur  <0.6u#). 

359  Phyi.  Fluid!,  Vol.  24,  No.  2,  Februiry  1981  S  -  5 


0.00  oas  0.80  0.70  1.0 


CAP  — UNCTH  a 

FIG.  4.  Growth  rate  w,/wr  vs  gap-length  d« A,- A;)/(A4-A|) 
for  A,  •  0. 64  A4  ■  0. 72  A*. 
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c,  *  Y,  *  Y2  ♦  y,  -21’jF,  -  r^'.F,  -  A^F,  ♦  Ks)  *Ra(Y,  +  F.) -  A14(K,  *  Y2)-R22Y2  +R2AY2  —RJAYl  -  Au(l  -2Yt  -YLY2 


-  YJt  -  Y2Y2 -A*)  +Ru(l-2Yt  -  YtYt-Rj-Rte(l-2Yl  -  YtY2—Ra)  +**.(1-2 Y,  -  Y2Y2-RU) , 
c«*Uri  -  D(y,  ♦  Dir,  - 1)  +Aj(i+r,)(i  -  r,Ki  ♦  ra)  -  (i  +  yjrJ  - Ale[(i  -  Ft)(i  ♦  y2) -  a0] 

-  Ric{  1  *  Yi)(Yl  -  1  +Ra)  i-R^l  *  K,)(Fj  -  1  +Ra)  - Ra[(Y2  *  1)(F,  -  1)  -  A*]  *RU(  1  +  K.Kl  -  Y2) 


-*u(l  -  i'jKl  +Yl)-R„(l  -  Ys)  +^(1  -  r,)+RM{Y2-  1), 


where  A„  denotes  the  ratio  of  R1,1  to  R\‘.  If  we  let  A, 

*A„  then  Eq.  (11)  gives  the  results  for  the  mono-ring 
hollow  beam  case  as  shown  in  Uhm  and  Siambis.*  By 
the  methods  analogous  to  those  here,  it  is  straight¬ 
forward  to  extend  the  case  to  multi- ring  beams. 

IV.  NUMERICAL  RESULTS 

It  is  concluded  in  Sec.  in,  that  the  dispersion  relation 
has  a  quadratic  form  for  the  single-ring  case  and  a 
quartic  form  for  two  rings,  and  so  on;  i.e.,  the  order 
of  the  polynomial  equation  is  twice  the  number  of  rings. 
The  dispersion  relation  (11)  is  solved  numerically* 
for  the  complex  eigenfrequency  w*  u>r  +*w,  with  real 
oscillation  frequency  wr  and  growth  rate  w,  for  the  un¬ 
stable  mode.  One  important  feature  of  Eq.  (11)  is  that 
the  complex  eigenfrequency  .is  linearly  proportional  to 
the  diocotron  frequency.  Consequently,  the  applied 
magnetic  field  strongly  reduces  the  growth  rate  for 
fixed  beam  density.  As  a  result,  it  is  more  instruc¬ 
tive  to  keep  the  beam  and  plasma  parameters  fixed 
and  study  the  growth  rates  for  different  geometries. 
Figure  3  shows  the  growth  rate  for  a  two-ring  beam 
versus  gap-length  d  of  the  rings  for  different  mode 
numbers  i  and  specified  values  of  /.  The  gap-length 
d  is  defined  as  the  distance  between  A,  and  Aa  while 
we  fix  the  position  A,  and  A4  and  keep  the  beamwidth 
of  each  ring  identical.  The  total  current  of  the  beam 
has  been  held  constant  for  various  geometries  so  that 
the  growth  rates  are  evaluated  at  the  same  beam  energy. 
As  we  can  expect  from  Eq.  (10),  the  growth  rate  has 
a  strong  dependence  on  y */■  For  simplicity,  we  specify 
y  *2  and  show  the  values  of  /on  each  curve.  Note  that 
the  zero-gap  case  is  equivalent  to  a  single  ring  which 
is  always  stable  for  mode  2=  1  as  observed  by  Uhm  and 
Siambis.*  Therefore,  beams  with  various  gap  lengths 
will  destabilize  the  1*1  mode  at  least  for  0.04  >/>  0.005 
as  can  easily  be  seen  from  Fig.  3.  Note  that  there  is 
no  instability  for  the  1*1  mode  when  /*0.  The  growth 
rate  is  higher  for  larger  mode  numbers.  For  I >2, 
the  growth  rate  remains  almost  constant  for/*0  while 
it  decreases  rapidly  as  the  fractional  charge  neutraliza¬ 
tion  /is  Increased,  i.e.,  the  unstable  modes  can  easily 
be  stabilized  by  a  small  fractional  charge  neutraliza¬ 
tion  with  appropriate  gap-length.  The  real  frequency 
for  the  unstable  modes  shown  in  Fig.  3  is  larger  for 
higher  f  but  does  not  exceed  0. 6u>fl.  It  has  been  demon¬ 
strated  that  the  growth  rate  of  the  instability  exhibits 
a  sensitive  dependence  on  /.  Neutralization  is  commonly 
produced  from  the  residual  gas  in  the  apparatus.  It 
is  difficult  to  give  a  universal  theory*  for  /  which  de¬ 
pends  very  much  on  such  factors  as  the  energy  of  the 
beam  and  the  composition  and  pressure  of  the  residual 
gases,  ionization  cross  section,  the  energy  of  the 


I 

secondary  electrons,  and  whether  the  ion  can  escape 
from  the  end  of  the  beam. 

Another  interesting  feature  is  that  lor  higher  modes 
the  double  region  in  gap-length  for  instability  disappears 
from  Fig.  3  to  Fig.  4.  Generally,  the  unstable  mode 
for  a  single  ring  can  be  stabilized  by  increasing  the  gap- 
length  of  a  two-ring  beam  in  this  kind  of  geometry. 

Next,  we  want  to  demonstrate  the  effect  of  the  total 
beamwidth  (A4  -  A4)  on  the  diocotron  instability  which 
is  illustrated  in  Figs.  5  and  6.  The  f  =  I  mode  is  un¬ 
stable  as  before  when  the  single -ring  beam  becomes  a 


OjQQ  0J1  OJD  0.75  1.00 


GAT— LENGTH  4 

FIG.  5.  Growth  rate  u,/u0vt  gap-length  d*  IR,- A,)/ (A4- A, > 
for  A,  -  0. 64Ae,  R4*0. 8Re. 
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0.00  OX  0.50  0.71  1.00 


GAP  — LENGTH  0 

FIG.  6.  Growth  rate  u,/uiD  vs  gap  length  d«  (R,  -Rj)/(R4  -R, ) 
for  R,  -  0. 4 R„  Rj=  0. 8Re. 

two -ring  beam  as  shown  in  Fig.  5.  However,  the  funda¬ 
mental  mode  can  no  longer  occur  if  the  total  beam  width 
has  expanded  to  the  one  shown  in  Fig.  6.  Clearly,  the 
l  =  1  mode  can  be  destabilized  by  moving  two  rings 
together.  For  1*2,  the  growth  rate  increases  with 
respect  to  gap-length  when/ >0.  Nevertheless,  the 
growth  rate  for  small  /  first  increases  with  respect 
to  gap-length  and  then  decreases  sharply. 

Finally,  it  is  straightforward  to  extend  the  analysis 
to  a  three-ring  geometry  as  shown  in  Fig.  7.  For  easy 
comparison  between  the  two-ring  and  three -ring  cases, 


aM 


FIG.  7.  Beam  electron  density  profile  for  three-ring  geometry. 


we  plot  the  growth  rate  versus  gap-length  d  *(A,  -  R2) 
while  fixing  the  positions  At  and  A,  and  keeping  the 
beam  width  of  each  ring  identical,  the  total  current  is 
also  fixed.  The  effect  of  inserting  the  center  ring  can 
easily  be  seen  while  comparing  Fig.  8  with  Fig.  3.  The 
unstable  modes  in  two-ring  geometry  have  been  retained 
in  the  three-ring  case,  but  also  the  growth  rate  has 
been  enhanced  by  inserting  the  third  ring  in  the  middle, 
which  may  be  caused  by  the  strong  coupling  among  the 
self-fields  of  the  beams.  For  higher  mode  numbers, 
unstable  modes  can  be  found  in  three  separate  regions 
in  the  gap-length  domain.  If  we  move  the  outer  edge  of 
the  beam  away  from  the  wall,  Fig.  9  gives  the  geometry 
which  can  be  compared  to  Fig.  6.  It  comes  as  no  sur¬ 
prise  that  the  {*1  mode  again  becomes  unstable.  For 
higher  modes,  the  triple  region  for  instability  is  ob¬ 
viously  not  seen.  The  conducting  wall  plays  an  impor¬ 
tant  role  in  the  diocotron  instability. 


o.«  0.ao  o.»  i.o 


GAP  —  LENGTH  d 

FIG.  8.  Growth  rate  u),/wcvs  gap-length  <f»(R,-A2)/ (R,-R,) 
for  A|  »0. 84  Rp  R,«0.92RC. 
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0.38  0.SZ  0.08  0.84  1.00 

GAP-LENGTH  d 


FIG.  9.  Growth  rate  a),/*;*  vs  gap-length  d-(R,  'Rj)/(R,-R|> 
for  Rt  «  0. 4  Rc,  Rt  -  0. 8  Rc. 


V.  CONCLUSION 

We  have  formulated  a  fluid-Maxwell  theory  of  the 
diocotron  instability  in  an  infinitely  long  relativistic 
electron  beam  propagating  parallel  to  a  uniform  applied 
axial  magnetic  field.  In  beams  with  self-fields  it  fre¬ 


quently  permits  simple  models  which  illustrate  many  of 
the  essential  features  of  more  realistic  types  of  beam. 
The  growth  rate  has  been  calculated  with  special  em¬ 
phasis  on  displaying  results  as  a  function  of  conducting 
wall  geometry,  i.e.,  conducting  wall  location  relative 
to  the  position  of  the  beam.  The  results  show  the  strong 
influence  of  the  neutralization  fraction  /,  the  relative 
position  of  the  rings  with  conducting  wall  and  gap-length 
of  the  rings  on  the  diocotron  instability.  It  seems  that 
the  instability  has  been  enhanced  by  the  multiring  geo¬ 
metry  in  a  rather  complicated  manner.  In  short,  the 
2  ■  1  mode  which  is  always  stable  in  the  single-ring 
case  can  become  unstable  in  multiring  geometries. 
However,  in  the  two -ring  geometry,  the  2*1  mode  dio¬ 
cotron  instability  can  be  avoided  by  either  moving  two 
hollow  beams  away  from  the  wall  or  spreading  the  two 
rings  farther  apart.  For  the  1*2  modes,  the  growth 
rate  can  be  either  enhanced  (e.g.,  Figs.  5  and  6)  or 
reduced  (e.g.,  Figs.  3  and  4)  depending  on  the  position 
and  gap- length  of  the  rings.  In  the  three-ring  case,  all 
the  unstable  modes  occurring  in  the  two-ring  geome¬ 
tries  have  been  retained  and  the  growth  rates  have  been 
enhanced  at  the  same  gap-length. 
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